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Embryogenesis in Gymnosperms and Angiosperms while broadly similar differs 
in important respects. Despite these differences, the genes expressed in developing pine 
embryos show strong sequence similarity to those found in angiosperm genomes. The 
distinguishing features of conifer embryogenesis may be a consequence of the level, 
timing or localization of expression of certain regulatory genes perhaps supplemented by 
the activity of a few unique or highly differentiated proteins.  
Homeobox genes encode homeodomain (HD) proteins which function as 
transcription factors and play an important role in plant and animal development by 
controlling cell specification and pattern formation. The KNOX (knotted-like homeobox) 
family of regulatory genes belongs to a homeobox gene family which exerts considerable 
influence upon plant development. Alteration in the expression of KNOX genes, through 
mutation or by increasing or decreasing mRNA levels in transgenic plants, produces 
profound changes in morphology and growth. The ability of these proteins to affect a 
broad range of cellular activities is explained in great measure by the presence within the 
KNOX proteins of distinct domains that can interact with a variety of other regulatory 
proteins. The HD region of KNOX proteins is a sequence-specific DNA-binding domain 
that can directly regulate expression of target genes. The KNOX1 and KNOX2 regions 
constitute the MEIKNOX domain which has been shown to homodimerize with KNOX 
family proteins or heterodimerize with members of the BELL family of TALE 
homeodoamin proteins.   
 xvii
I have cloned (Knotted1 in Arabidopsis thaliana) KNAT1-like mRNAs which 
lack HD sequences from embryos of loblolly pine (Pinus taeda L.), hereafter referred as 
PtKN1(hd-). Production of PtKN1(hd-) mRNAs is developmentally regulated and their 
encoded protein is abundant in mature pine embryos. The PtKN1 gene has 5 exons; 
KNOX1 and KNOX2 domains are encoded by the first three exons, and the large exon 3 
separates these from exons 4 and 5 which encode HD sequences. The PtKN1(hd-) mRNA 
has a unique 3’UTR which derives from the proximal region of ‘exon 3’. Both forms of 
PtKN1 are produced by the same gene; the regulatory dynamic is between cleavage-
polyadenylation within intron 3 to produce PtKN1 mRNA lacking HD sequences and 
splicing of exon 3 to exon 4 which excludes the 3’UTR/exon3 sequence to create an 
mRNA which encodes a HD. I have identified and characterized a KNAT1 mRNA in 
Arabidopsis which lacks HD sequences. While KNAT1 has been studied for many years, 
this is the first report of a KNAT1 mRNA lacking HD. The expression pattern of 
AtKNAT1(hd-) mRNA differs from that of the KNATM-B mRNA, which encodes a 
KNOX gene lacking HD sequences, implying a distinct role for these two genes. While 
KNATM appears unique to dicotyledons, I identified a KNAT1 mRNA lacking HD 
sequences for the RS1 gene of maize, a monocotyledon. This is the first report of splicing 
of KNAT1 genes to produce mRNAs lacking HD sequences. The phenomenon appears to 






1.1 Loblolly pine – the second most important agricultural crop in US 
 Loblolly pine is one of the major timber species in the US with 1.5 billion 
seedlings planted each year. It provides 1.7 million jobs with the annual payroll of $51 
billion. Pine is the 2nd most important agricultural crop in US after corn and grows over a 
wide range from New Jersey to Texas (Figure1.1) [1, 2].  
 
 
Figure 1.1: Loblolly pine grows over wide geographic range [3]. 
Loblolly pine grows over a wide range from southern New Jersey to central Florida and 




Pine wood is very useful for pulp, paper, furniture, plywood, poles, boxes, pallets etc. In 
addition pine provides water quality improvement, land reclamation and rehabilitation, 
agroforestry, aesthetics, recreational opportunities, place for wildlife as well as food for 
the cattle [1, 4]. Recently the use of pine as a source of biomass for biomaterial and 
bioenergy is also being investigated [5]. The increasing demand of forest products and 
decreasing availability of land-base for producing trees will cause difficulties for the 
forest product industries. Therefore need arises to propagate large number of pine trees 
and clonal propagation techniques are expected to play a significant role in providing 
genetically superior pine trees [6, 7]. Clonal plantation can be established by 
organogenesis and embryogenesis. In 1960s, the first plantlets from forest tree tissue 
culture were produced by organogenesis using adventitious shoots. Organogenesis 
includes outgrowth and division of seedling shoot, using callus and cell cultures to 
regenerate adventitious shoots and complete plants, using cultured cotyledons and entire 
embryos to induce adventitious buds and using cultured shoot tips to induce adventitious 
and axillay buds. Stem cuttings, leaf cuttings, root cuttings, root suckers, root-stem 
cuttings, grafting and air-layering are some other methods of clonal propagation [8]. The 
most common method used is somatic embryogenesis in which embryo formation in 
seeds can be mimicked in lab and was first developed for carrot propagation [9]. Somatic 





























Figure 1.2: Somatic embryogenesis [11]. 
In this process, pine seeds are extracted from pine cone and cracked to reveal the ovule 
containing embryo. The embryos are then placed on initiation medium where they begin 
to multiply. Embryos in early stages are transferred to liquid multiplication medium and 
later to solid maturation medium. Once they germinate the resulting plantlets are 






In this process as shown in Figure 1.2 pine seeds are extracted from pine cone and 
cracked to reveal the ovule containing an embryo which is then placed onto an initiation 
medium. Later, the embryo is transferred to multiplication and maturation medium and 
after germination the resulting plantlets are transferred into soil. The process is rapid and 
has potential to provide thousands of high quality embryos which are genetically 
identical. The process has potential to provide genetically improved trees. However for 
reasons unknown there are some drawbacks in this technique which limits the 
commercial production of pine trees. Pine zygotic embryo development has been staged 
from 1 to 9.12 as shown in Figure 1.3. Stages 9.1 to 9.12 are morphologically similar but 
biochemically different. The zygotic and somatic embryo developmental stages for 
loblolly pine are comparable and as shown in Figure 1.3 (Pullman and Webb 1994). The 
success of somatic embryogenesis is very dependent on genotype [12]. The somatic 
embryos do not mature fully, even the best performing genotypes only reach stage 9.1 
and the quality of embryos can be poor. Other limiting factors are low initiation rate, low 
culture survival, low maturation rate, low germination, low or no embryo production, [11, 
13-16]. Study of the molecular biology of embryogenesis will provide fundamental 
knowledge which will assist the improvement of tree propagation strategies. Molecular 
biology studies of the zygotic embryogenesis will be used as model to understand the 
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Figure 1.3: Comparison of zygotic and somatic embryo development stages in 
loblolly pine [11]. 
The zygotic embryos develop from stage 1 to 9.12. Stage 9.1 onwards the embryos are 
morphologically similar. Somatic embryos develop similarly but stop at stage 9.1.
 6 
1.2 Pine – Arabidopsis Embryos develop similarly but have several distinct features 
 
Embryogenesis, the process of growth and differentiation is an important period 
of plant development because during this phase the meristem and shoot-root body pattern 
of a plant are specified. Traditionally plant embryogenesis is perceived as being 
composed of two phases: a morphogenic phase and a maturation phase. The overall body 
plan is established during the early morphogenic phase i.e. division of 3 primary tissues: 
the outer protoderm, the inner ground tissue and the central procambium (which forms 
the epidermis, the cortex and the endoderm, and the vascular tissue, respectively) [19]. 
Metabolic changes such as storage protein accumulation and acquisition of desiccation 
tolerance take place during the maturation phase [20]. After maturation the embryo 
undergoes desiccation and dormancy for a period of time until conditions are favorable 
[21]. Based on the differences in process of embryogenesis the plant kingdom is divided 
into angiosperms and gymnosperms.  
Embryo developments in angiosperms and gymnosperms have several unique 
features. Angiosperms undergo double fertilization and produce a diploid embryo by 
fertilization of one sperm with the haploid egg cell and a triploid endosperm (nutritive 
tissue surrounding the embryo) by fertilization of the second sperm with the two polar 
nuclei. Angiosperm seeds are enclosed in ovary of the mother plant [22-24]. 
Gymnosperms undergo single fertilization to produce a diploid embryo and haploid 
female gametophyte (endosperm equivalent nutritive tissue surrounding the embryo). 
Gymnosperms have naked seeds that develop outside the ovary [25]. The first 
asymmetric division of angiosperm produces smaller apical cell and larger basal cell 
which gives rise to embryo proper and the suspensor tissue plus some root tissue 
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respectively [26]. Gymnosperms undergo several nuclear divisions without cytokinesis to 
enter a free nuclear phase after fertilization, followed by cellularization to form eight-
celled proembryo arranged in two tiers which undergoes division to form four tiers. The 
four cells towards the microplyar end give rise to embryo proper and the next layer of 
cells produce the suspensor. The period of embryogenesis from fertilization to suspensor 
elongation is called proembryony and from the suspensor elongation to root meristem 
establishment is the early embryogeny [25, 27, 28]. Formation of multiple embryos is 
common for gymnosperms but uncommon in most angiosperms. Eventually only one 
embryo is produced per seed and the others die by programmed cell death [29]. 
Polyembryony occurs by fertilization of the egg cells within one or more archegonia by 
different pollen grains to produce zygotes that have different genotypes within the same 
seed or by multiplication of immature embryos. The former is known as simple 
embryony and the latter is cleavage polyembryony [27]. Angiosperm and gymnosperm 
embryos also have morphological differences. Arabidopsis has a conspicuous embryo 
with heart, torpedo and bent cotyledonary stage while pine embryos are 
multicotyledonary and have 6 to 8 cotyledons which enclose the SAM [19, 25]. Mature 
embryo is a multicotyledonary embryo with cortex, epidermis, root cap, shoot and root 
meristem and hypocotyl. Cellular differentiation in embryonic mass and development of 
embryo in preparation for seed dormancy occurs during the late embryogeny [25]. 





Figure 1.4: Embryogenesis - gymnosperm vs. angiosperm [30]. 
The embryogenesis process in gymnosperms and angiosperms are similar but have 
several distinct features. While gymnosperms undergo single fertilization to produce 
diploid embryo and haploid female megagametophyte (FMg), the angiosperms undergo 
double fertilization to produce a diploid embryo and triploid endosperm. In gymnosperms 
FMg develop before fertilization whereas in angiosperms endosperm development after 
fertilization; initially polyembryony (1-4) vs. single embryo; Morphological differences 
can be observed in the embryos in the later stages. 6-8 cotyledonary primordia grow to 
form cotyledons and enclose the SAM in gymnosperm vs. conspicuous embryo with 
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Despite the differences in pine and Arabidopsis embryogenesis, the genes 
expressed in developing pine embryos show strong sequence similarity to those found in 
angiosperm genomes [31]. These differences between pine and Arabidopsis 
embryogenesis can be explained by differences in the level, timing or localization of 
expression of certain regulatory genes or though the agency of a few unique or highly 
differentiated proteins. The homeobox genes are a family of regulatory genes which are 
found in animals, plants and fungi and exert considerable influence upon their 
development [32-39]. 
1.3. Plants continue to grow throughout life - Meristems 
The body plan of most animals i.e. formation of organs like head, hands, legs, or 
wings can be recognized during embryogenesis. Growth, differentiation and maturation 
leads to further development of the adult organism [40]. Higher plants continually 
develop throughout their life and repeatedly produce new structures. These structures are 
formed by indeterminate and self-renewing groups of cells called meristem. Vertical 
growth proceeds from apical meristems that are located at shoot and root apices and are 
called shoot apical meristem (SAM) and root apical meristems (RAM) respectively [41-
44] , see Figure 1.5. A different type of meristem is cambial meristem which forms a 
cylinder around the stem and controls production of xylem and phloem cells [45]. Shoot 
apical meristem produces the above ground parts of plants like stem, leaves and flowers. 
In order to understand organogenesis events that determine the overall development of 
plant, careful examination of the events occurring in the meristem is required. Complex 
gene expression patterns regulate the formation of SAM and maintain the population of 
indeterminate cells. Failure to form and maintain SAM results in abnormal organization 
 10 
of shoot structure [46]. Therefore it is important to study the genes that regulate the SAM 
formation and maintenance. Maize gene kn1 which belongs to the KNOX family of 
homeobox gene family has been well characterized and has been shown as a useful 
molecular marker for maize SAM [47-49]. Mutation or overexpression of KNOX genes 




Figure 1.5: Plant growth proceeds through regions of active growth – Meristem [52]. 
Meristems are the region of active growth in plants. Vertical growth proceeds from SAM 
and RAM the positions of which are shown in an angiosperm embryo here. Cambial 




1.4 KNOX genes of homeobox family are important for growth and development  
Various mutational studies have shown that plant KNOX genes play an important 
role in regulating meristem function. Their loss or gain of function mutation can affect 
overall plant height, leaf shape, meristem development and floral development as shown 
in Figure 1.6. Loss-of-function mutants of maize kn1 lead to formation of fewer lateral 
meristem but more lateral organs like leaves and carpel [53]. Their gain-of-function 
mutants lead to formation of ectopic meristems, inhibition of leaf differentiation and 
knot-like meristematic structure formation in leaf veins [48, 54]. Strong loss-of-function 
mutants of STM show deficiencies in SAM development and result in severely fused 
cotyledonary petioles [55, 56].  Less severe mutations result in a disorganized SAM from 
which ectopic lateral organ (leaves during vegetative growth, flowers during reproductive 
growth) formation takes place [57, 58]. Gain-of-function mutation of STM, KNAT1, 
KNAT2 or KNAT6 results in small malformed leaves with extensive lobing around the 
leaf margin due to inhibition of proper leaf cell expansion and differentiation [44, 59-63]. 
Loss-of function mutation of KNAT1 result in reduced internode length and bends in 
stem tissue and are overall significantly shorter than wild-type plants [64, 65]. 
Overexpression of several KNOX genes from Arabidopsis, maize, rice and tobacco 







Figure 1.6: Mutation in KNOX genes affects many aspects of plant development [50, 
69]. 
1a - Wild-type Arabidopsis plant  
1b - Arabidopsis bp mutant showing dwarf phenotype with shorter and 
downwards pointing pedicels and shorter internodes 
2a - Arabidopsis KNAT1 with severely lobed transformant flower 
2b - Wild-type Arabidopsis flower 
3a - Top view of normal Arabidopsis seedling 
3b - stm-1 mutant with no SAM and fused cotyledons 
4a - Wild-type maize leaf blade 
4b - KN1-N2 leaf blade showing knotted phenotype 
5a - Wild type Arabidopsis leaf 
5b - 35S:BP leaf shows lobed phenotype due to misexpression of BP 
6a - Wild-type tomato leaf has 8-16 leaflets 
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For gymnosperms, the functions of HBK1 and HBK3 from Norway spruce have 
been shown by transformation in Arabidopsis. HBK1 when ectopically expressed in 
Arabidopsis show defects in leaf development [70].  HBK3 when overexpressed in 
Arabidopsis, plants were shorter with reduced apical dominance, lobed leaves and short 
petioles. Elevated expression of HBK3 protein in somatic embryos of Norway spruce 
promoted differentiation of immature embryos increased the frequency with which 
mature embryos were observed and produced an enlarged stem apical meristem [71]. In 
cell lines expressing antisense HBK3 constructs (HBK3-A), the differentiation of 
immature embryos was greatly reduced [71]. Norway spruce HBK2 plays a role in 
somatic embryo development [72].  
Above suggests that knox genes play a significant role in overall development, 
meristem formation and maintenance, flower and leaf development and morphology and 
embryo development. Alteration in the expression of kn1 genes through mutation or by 
overexpression in transgenic plants produces profound changes in morphology and 
growth. Therefore kn1 is an important gene and could provide clues to embryo 
development in gymnosperms and angiosperms. 
1.5 Homeobox family of genes 
 The homeobox is a 180 bp consensus DNA sequence present in several genes 
involved in developmental processes [73, 74]. Homeobox genes were first identified in 
Drosophila melanogaster to cause homeotic transformations of the body segment [75]. 
Homeobox genes encode HD proteins which function as transcription factors and play an 
important role in plant, fungi and animal development by controlling cell specification 
and pattern formation [32-39]. Transcription factors are proteins that bind to promoters of 
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target genes in a sequence specific manner and either activate or suppress their 
expression [76]. The homeobox encodes a 60 amino acid motif called the HD which is 
arranged in three α-helical structure separated by a loop and a turn. Specific sequence in 
the third helix of the HD plays a significant role in sequence-specific DNA recognition 
and binding [73]. The HD is a sequence specific DNA-binding domain and can directly 
regulate expression of target genes [77, 78]. 
The HD family is divided into two classes, the typical HD class and the TALE 
(three amino acid loop extension) class which is the atypical HD class. The TALE class is 
characterized by three extra amino acids PYP (proline-tyrosine-proline) between helix 1 
and 2 of the HD. Based on the HD sequence, several classes have been identified for 
TALE superfamily: PBC (Pre-B cell) [37], MEIS (Myeloid ecotropic viral integration 
site) [36], TGIF [32], IRO (Iroquis) [38], MOHAWK (MKX) [39] in animals; the mating 
type genes (M-ATYP) [33] and CUP genes in fungi; and KNOX [34] and BELL [35] in 
plants. Examples of the TALE family which play significant role in cell fate specification 
are human PRL gene and the Saccharomyces pombe MATi gene [79-81]. The typical HD 
proteins, unlike the atypical HD proteins, do not have these extra amino acids. An 
example of one such typical HD protein is Antennapedia from Drosophila which controls 
the placement of legs [75]. Typical HD families in plants include the PHD finger families 
(plant HD finger proteins) which have the zinc-finger motif [82, 83]; the HD-Zip family 
(HD zipper proteins) which have the leucine zipper [84-87] and the Glabra2 family of 
homeobox genes which have leucine zipper like motifs [88]. In plants the TALE 
superfamily is divided into KNOX and BELL classes of transcription factors. The KNOX 
class is further divided into class I and II based on their sequence similarity, expression 
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Figure 1.7: KNOTTED1 belongs to the KNOX family of genes. 
Homeobox genes are divided into two classes: typical and TALE family. The TALE 
family is very diverse and has several members in plant, animals and yeast kingdom. 





1.5.1 KNOX genes belong to the homeobox family of genes 
Homeobox genes were first identified in Drosophila to cause homeotic 
transformations of the body segment [75]. Homeobox genes encode HD proteins that 
function as transcription factors and play an important role in plant and animal 
development by controlling cell specification and pattern formation. A large group of 
transcription factors called KNOX genes that are found in plants belong to the homeobox 
gene family. The presence of HD proteins in plants was first recognized in maize after the 
cloning of Knotted1 (Kn1) by transposon tagging [90]. Kn1 belongs to the (KNOX) 
family proteins. Several KNOX genes have been isolated from various plants such rice 
[91], Arabidopsis[60], soyabean [92], barley [93], tomato [94], tobacco [95], spruce (a 
gymnosperm) [70, 72] and various other gymnosperms [96]. 
1.5.2 Features of the KNOX family proteins 
The proteins of KNOX family have several conserved regions such as a 
MEIKNOX domain, an ELK domain HD, (See Figure 1.8). The MEIKNOX domain can 
be divided into two conserved region KNOX1 and KNOX2 separated by a less conserved 
spacer [97]. The KNOX1 domain is thought to be involved in suppression of its target 
gene [98] and the KNOX2 domain is thought to be involved in dimerization and 
transactivation [99]. The plant KNOX proteins and human MEIS (myeloid ecotropic viral 
integration site) proteins are closely related due to their conserved N-terminus region, the 
KNOX and MEIS domains respectively [97]. The MEINOX domain has been shown to 
homodimerize with KNOX family proteins [93, 98] or heterodimerize with BELL family 
of TALE HD proteins [93, 100-105]. The ELK domain based on its predicted secondary 
structure might be involved in protein-protein interaction [34, 98, 99, 106] or it may act 
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as transcriptional repressor [98]. Some authors have proposed that the ELK domain has 
the nuclear localization signal [107]. Sakamoto et al. (1999) generated chimeric proteins 
by exchanging different regions of KNOTTED1-like HD proteins in tobacco and they 
observed that the abnormal phenotypes observed were most severe when C-terminal half 
of ELK domain was exchanged. 
The HD is a three-α helical structure and the third helix functions as the DNA-
recognition helix [73, 102] (see Figure 1.9). Most TALE HD proteins have the conserved 
WFXN sequence in the third helix, where X is the 50th amino acid. In many cases this 
position is occupied by a small, non-polar residue and is critical for DNA-binding 
specificity of the HD [97, 108]. Almost all HD proteins have proline-tyrosine-proline 
conserved in positions 24 to 26. Amino acids WW (helix 1), PYP (loop), WFIN (helix 3) 
are important for DNA binding; and in particular PYP and WF are conserved among 
TALE family proteins in plants and animals [109]. In the animal HD proteins it has been 
suggested that the N-terminal end of the HD is required for recognition of the target 
sequences [74, 109, 110]. It has also been suggested that the basic amino acid cluster in 
the N-terminal HD region functions as a nuclear localization signal [111]. In animals, the 
MEIS HD proteins have isoleucine at the 50th position that specifically recognizes the 
TGACAGG/CT motif, and the PBX HD proteins have glycine that specifically 
recognizes TGAT motif [112]. KN1 from maize and STM and KNAT1 from Arabidopsis 
have been shown to interact with TGACAGG/CT motif [102, 103], suggesting that MEIS 
and KNOX recognize the same DNA motif. OSH1 from rice has been shown to 
recognize a DNA motif similar to that recognized by MEIS/KNOX [98] and NTH15 
from tobacco has been shown to interact with TGAC sequence. MEINOX domain by 
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itself can form heterodimers but needs the HD for homodimerization [98, 100, 102, 113, 
114]. The spliced form of human Meis2 gene which has MEINOX domain but has partial 
HD deletion is unable to bind DNA and by competing with the HD containing form for 
its interaction partners, functions as a dominant-negative regulator [115]. At the start of 




Figure 1.8: Features of knox gene family. 
The proteins in KNOX family possess MEINOX domain which is divided into KNOX1 
and KNOX2 regions separated by a linker which are involved in suppression of target 
gene and dimerization, ELK domain which is involved in protein-protein interaction and 




Figure 1.9: HD proteins bind DNA as dimer [116].   
The three helices in purple connected by loop represent the HD. HD proteins form homo 
or heterodimers and as dimer bind to the DNA to activate or suppress the expression of 
target gene. The binding occurs through the third helix of the HD. 









1.6 KNOX genes - Key genes in determining shape and development  
1.6.1 Classes of KNOX genes – their expression pattern and function 
KNOX genes are divided into two classes - class I and II; based on their sequence 
similarity, expression pattern and position of intron [34, 89]. Class I KNOX genes are 
expressed in the shoot apical meristem; and are required for their development and 
maintenance [34, 117]. Arabidopsis has four class I KNOX genes - STM 
(shootmeristemless) [55, 56], KNAT1 (Knotted-1 like in Arabidopsis thaliana), KNAT2 
[60] and KNAT6 [61] which have minor sequence differences. Class I KNOX genes from 
monocot and dicot species have specific or redundant function due to their distinct and 
overlapping expression patterns. During Arabidopsis embryogenesis, STM is first 
activated at the late globular stage in the center of the apical domain that will give rise to 
SAM [46]. KNAT1 is first activated and shows highest expression in late globular to 
early heart stage and thereafter gradually decreases [118]. Neither STM not KNAT1 are 
expressed in developing cotyledons during Arabidopsis embryogenesis [46]. During 
vegetative growth, STM is expressed in the central and peripheral zone throughout the 
SAM but absent in leaves and the meristem cells destined to become the next leaf [48, 56, 
60]. KNAT1 is expressed in the peripheral and rib zone of SAM, and immediately below 
SAM [60]; KNAT2 is expressed in SAM [63, 119] and KNAT6 in shoot apex, root and 
various organs and tissues [61]. During reproductive growth, STM is expressed in 
inflorescence and floral meristems, whereas KNAT1 is expressed in a narrow region of 
cells in the inflorescence meristem but not in the floral meristem [56, 60]. Thus the class I 
KNOX genes in Arabidopsis show similar but slightly different pattern of expression in 
SAM. Discrete patterns of KNOX expression have also been seen in maize. ZmKN1 and 
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ZmKNOX8 are expressed in SAM and developing stem but are absent from leaf 
primordial and mature leaves. ZmRS1 and ZmKNOX3 are also spread out in SAM in 
areas that overlap with ZmKN1. In addition they are also expressed at the base of leaves, 
internodes and developing axillary shoot meristems [34, 47]. Class I KNOX genes in 
tobacco such as NTH1 and NTH15 in the central and peripheral zone of SAM but are 
absent in the leaf founder cells. NTH19 is expressed in the rib zone which contributes to 
the internal stem tissue and NTH20 is expressed in the peripheral zone of SAM from 
which organ primordial are initiated [120]. KNOX genes in the conifer, Picea abies, are 
expressed in cone buds, needles, roots, stems and embryogenic cultures [72]. Picea abies 
HBK1 (homeobox of KNOX class) transcript is expressed in low levels in the central 
zone of meristem and is absent from the developing needle primordia [70].   
Expression of class II genes is more widespread and found in all organs like 
leaves, stems, inflorescences, meristems and roots; and their specific functions have not 
been recognized yet [34, 117, 121, 122]. Class II KNOX proteins have the same domain 
organization (KNOX1, KNOX2, ELK and HD) as class I KNOX genes (see Figure 1.8) 
and have more sequence conservation amongst themselves and less with class I KNOX 
proteins. Class II KNOX genes when overexpressed do not show any altered morphology 
[117, 123]. KNAT3, KNAT4, KNAT5 and KNAT7 are class II KNOX genes from 
Arabidopsis [100, 122]. KNAT3, KNAT4 and KNAT5 may have a role in root 




1.6.2 Proteins of KNOX family regulate development by interacting with proteins of 
BELL family and other families 
The KNOX domain of KNOX proteins is also known as the MEINOX domain 
due to the conservation of KNOX sequence in plants with the MEIS sequence in animals 
[97]. The KNOX proteins are known to homodimerize through the MEINOX domain [93, 
98, 125]. The MEINOX domain of the MEIS proteins has been shown to interact with 
another family of TALE class called the PBX family [112, 126-128]. In plants, the 
MEINOX domain of the KNOX proteins has been shown to interact with the BELL 
family of TALE proteins [93, 100-105, 125]. The interaction of MEINOX with BELL 
family members is mediated by a conserved domain in the N terminus, called the 
MEINOX interacting domain (MID), which is composed of SKY and BELL domains 
[102]. The KNOX-BELL interaction of plant HD proteins parallels the MEIS-PBC 
interaction in animals. The KNOX-BELL and MEIS-PBC genes have been proposed to 
share a common ancestor based on their evolutionarily conserved structure and 
interaction [129]. Studies have shown selective interaction between the KNOX and the 
BELL family proteins which means that each KNOX protein interacts with a specific 
subset of BELL proteins and vice versa. KNOX-BELL interactions control floral 
specification, internode patterning and the maintenance of boundaries between initiating 
floral primordial and inflorescence meristem. Heterodimerization of KNOX and BELL 
proteins have been demonstrated in monocots and dicots using various methods such as 
yeast two-hybrid systems [93, 100-102, 104, 105, 125], in vitro binding [93, 100-103], 
ligand blot analysis [103] and in living plants cells [105]. In Arabidopsis, a BELL protein 
called PENNWISE (PNY) has been shown to interact with STM and KNAT1 but not 
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with KNAT2 [103-105]. POUNDFOOLISH (PNF), a BEL1-like homeobox gene which 
is paralogous to PNY has also been shown to interact with STM and KNAT1 [130]. 
Another group has shown that BELLRINGER (BLR) binds to STM and KNAT1 but not 
to KNAT4 [104]. BEL1 has been shown to bind STM, KNAT1, KNAT2 and KNAT5 but 
to a lesser extent if at all with KNAT3 [100]. VAMANA (VAN) a BEL1-like HD protein 
has been shown to interact with STM, KNAT1 and KNAT6. Interaction of KNAT1 with 
PNY and PNF is required for internode patterning and inflorescence development and 
that of STM with PNY and PNF is required for meristem maintenance [103-105, 130-
132].  KNAT1 interaction with BLR, PNY and VAN is required to regulate inflorescence 
architecture or phyllotaxis in Arabidopsis [103-105].  
Arabidopsis thaliana ovate family proteins (AtOFPs) have been recently 
identified and are also known to interact with the KNOX family proteins. These 
interactions are mediated by the only conserved domain of AtOFP with the HDs of 
KNOX and BELL proteins [125]. AtOFPs are important regulators of plant development 
and they control the intracellular localization of TALE family proteins.  
KNOX genes are significant to development and their expression is strictly 
controlled. KNOX protein-protein interaction is key to this control. Variation in protein-
protein interaction can have major consequences. Deletion studies in which domains of 
KNOX regions have been removed, exchanged or mutated reveal a variety of phenotypes. 
Nagasaki et al. (2001) have shown by creating deletion mutants that KNOX1 has 
suppressive function and KNOX2 is required for dimerization. If KNOX2 domain or both 
KNOX1 and KNOX2 domains are deleted from a protein, it cannot form dimer; but if 
KNOX1 or KNOX2 or both KNOX1 and KNOX2 domains are deleted from a protein, it 
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can still bind to DNA. Magnani and Hake (2008) have shown that a HD-lacking 
KNATM-B protein with complete MEINOX domain is able to interact with proteins of 
the BELL family (PNY, BEL1, SAW1, SAW2) and proteins of the KNOX family 
(KNAT1, KNAT3, KNAT4). KNATM isoforms A and C with some MEINOX domain 
sequence deletion do not interact with either. MEINOX domain by itself can form 
heterodimers but needs HD for homodimerization. [93, 98, 100, 102, 113]. Spliced 
mRNAs produced by the human Meis2 gene have MEINOX domains but contain a 
partial HD deletion. The proteins translated from these mRNAs are unable to bind DNA 
but compete with the HD-containing Meis2 proteins for dimerizing protein partners, and 
thus function as a dominant-negative regulator [115]. DNA binding HD driven protein-
protein interaction has been previously observed in metazoan proteins [109, 133]. 
1.6.3 Intercellular trafficking of KN1 
Vital information for position-dependent specification of cell fate is delivered by 
intercellular communication. The traditional route of cell-to-cell signaling involves the 
ligand and receptor interaction [134]. A novel mechanism of intercellular communication 
that has gained importance in the recent years is intercellular trafficking of regulatory 
mRNAs and proteins through plasmodesmata [135-140]. These signals can function over 
a short distance or systemically throughout the plant. Intercellular trafficking of RNAs 
has been shown to play a critical role in physiological and developmental processes in 
plants [141-145]. 
The ability of mRNA/protein movement through plasmodesmata was shown by 
localization studies, observations of movement after transient expression by 
microinjection, and grafting experiments and chimeras [47, 135, 136, 141, 146, 147]. The 
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ability of KN1 to act non-autonomously was first observed in 1990’s [148, 149] and 
concrete evidence for the non-autonomy was obtained from comparisons of protein and 
RNA localization [47, 48, 140]. Even though zone-specific or cell layer-specific 
expression patterns have been observed for KNOX mRNA, KNOX proteins have been 
found to accumulate in regions different from where they have been transcribed [47]. In 
maize ZmKN1 protein has been found in epidermal cell layers even though their mRNA 
is not present in those cells, suggesting its trafficking ability between different cells. 
KNOX proteins have been shown to move between different cell layers through the 
plasmodesmata [135, 138, 150]. The region containing NLS has been shown by 
mutational analysis and microinjection experiments to be critical for cell-to-cell 
trafficking. Using trafficking assay it was shown that KN1 HD is necessary and sufficient 
for cell-to-cell trafficking. Using the same experiments it was also shown that KNAT2, 3 
and 6 do not have trafficking abilities, suggesting that trafficking of knox genes is 
selective [151]. Grafting experiment was performed in tomato where the wild-type plant 
was grafted over a knox mutant and due to long-distance movement, the mutant mRNA 
was found in the wild-type parts of the plant [142]. KN1 protein movement in 
Arabidopsis has been shown by creating KN1-GFP (green fluorescent protein) chimera 
[138, 150]. In SAM the trafficking of KNOX proteins between inner and outer cells is bi-
directional but in leaves they can only move from inner to outer layer i.e. from mesophyll 
to epidermis but not the other way. These results suggest that intercellular transport plays 




1.6.4 KNOX genes and Hormones 
Plant growth and development are controlled by signaling molecules called 
hormones. Hormones are synthesized at a particular developmental stage or in particular 
cell or tissue type and they elicit specific gene expression responses resulting in alteration 
of cell fate of function. In higher plants, several hormone-associated pathways are 
intertwined with expression and function of KNOX genes [51].  
Auxin – Auxin promotes cell division and cell growth. Antagonistic relationship mainly 
with respect to organogenesis has been shown between expression and function of knox 
gene and accumulation of auxin. When auxin transport was inhibited in tomato shoot 
apex, expression of a knox gene LeT6 was highly increased [152]. Overexpression of rice 
osh1 gene in tobacco causes decrease in levels of auxin [153]. Due to coordinated effects 
of overexpressed knox genes and reduced auxin levels at the shoot apex, apical 
dominance is reduced. stm mutants show aberrant spatial positioning of leaf primordia 
due to increased auxin levels [57, 58]. It has been suggested that in the semaphore1 
mutant, which is a knox gene regulator found in maize, ectopic knox gene (rs1 and 
knox4) expression and reduced polar auxin transport are linked [154].   
Gibberellic acid – GA controls cell elongation. A general antagonism has also been 
shown to exist between knox genes and gibberellic acid (GA) due to its incompatibility 
with meristematic homeostasis [155]. Transcription of a GA synthesis gene, ntc12, which 
encodes GA-20oxidase, has been shown to be repressed by a KNOX protein, NTH15, in 
tobacco [156, 157]. As a result GA can be synthesized in leaf primordia where there is no 
KNOX expression, but is suppressed in the SAM where knox genes are expressed. 
Ectopic expression of rice homeobox gene, osh1, causes a decrease in GA levels [153]. 
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Of the four GA synthesis genes in rice (OsGA20ox1-4), OSH15 has been shown to 
reduce the expression of OsGA20ox2 and 4 [158]. Similar results have also been shown 
in Arabidopsis where expression of GA-20oxidase in the SAM is negatively regulated by 
STM. Arabidopsis leaves show ectopic meristematic activity due to an increase in KNOX 
activity when GA signaling or biosynthesis is reduced. On the other hand, high GA levels 
antagonize KNOX function when ectopically expressed in SAM and leaves due to its 
increased signaling. The abnormalities caused by ectopic knox gene expression in 
Arabidopsis can be partly alleviated by exogenous application of GA [159]. 
Overexpression of a KNOX protein, POTH1, in transgenic lines reduces GA 20-oxidase1 
transcript levels in leaves [160]. 
Cytokinins – Cytokinin promotes cell division and shoot morphogenesis. Cooperative 
interaction has been shown between cytokinins (trans-zeatin and isopentenyladenine) and 
knox gene expression. Expression of knox genes increases with the increase in cytokinin 
levels [95, 153, 161, 162] and plants overexpressing knox genes show increased 
cytokinin levels [161, 163, 164]. It has been suggested that knox gene function is a 
critical downstream component of the cytokinin-dependent pathway that promotes shoot 
development [58]. Overexpression of rice osh1 gene in tobacco causes an increase in 
cytokinin expression [153]. Seven IPT synthesis genes have been recognized in 
Arabidopsis AtIPT1 and AtIPT3-8, and knox gene STM has been shown to induce the 
expression of AtIPT7 and AtIPT1. Eight IPT synthesis genes have been recognized in 
rice OsIPT1-8 and knox gene OSH1 has been shown to induce the expression of OSIPT2 
and 3 [158]. 
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Ethylene – Ethylene controls fruit ripening. Antagonistic relationship has been shown 
between knox gene function an ethylene. When a precursor of ethylene, ACC is applied 
to plants, the phenotypes due to KNAT2 overexpression can be suppressed [165].  
Abscisic acid – ABA inhibits cell division. ABA levels are also shown to be regulated by 
knox genes. Overexpression of the rice osh1 gene in tobacco causes ABA levels to 
increase in tobacco plants [153]. 
1.7 KNOX genes and Evolution 
A key player in genome evolution is gene duplication and it can take place by 
whole genome or chromosomal duplication, unequal crossing over or retroposition.  
Duplicated genes form gene families and are known as paralogous genes [166]. The fate 
of a duplicate gene is either to conserve its function (gene conversion), acquire a novel 
function (neofunctionalization) or adopt part of the function from the parental gene 
(subfunctionalization). Examples of gene conversion are ubiquitin and histone genes 
which are required in large amounts [167, 168]. An example of neofunctionalization is  
eosinophil-derived neurotoxin which after duplication acquires new function and is called 
eosinophil cationic protein [169]. An example of subfunctionalization is engrailed gene 
which is a single gene in mouse, but the same function is performed by two different 
genes engrailed-1 and engrailed-1b which are generated by duplication in zebrafish [170, 
171]. If duplicated genes are not under selection pressure, after few million years they 
become pseudogenes [172]. 
Occasionally mRNAs are reverse transcribed and integrated back in the genome 
(retroposition) with the help of trans-acting polymerase and integrase respectively. The 
resulting structures are known as processed pseudogenes. They lack promoter and 
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introns, and may have a poly-A tail and possibly reading frame disruptions due to frame 
shifts or premature stop codons [173]. Once formed, they integrate themselves into a 
location different from the original gene [166]. Some examples of pseudogenes described 
in plants are the actin pseudogene in potato [174], hmg-coA reductase pseudogene in 
cotton [175], the ARI pseudogenes in Arabidopsis [176]; the cdc2 pseudogene in Norway 
spruce [177]. Three hundred seventy six processed pseudogenes have been reported in 
Arabidopsis [178]. 
It has been suggested that class I and II knox gene families have been formed by 
gene duplication that took place before the divergence of Bryophytes (mosses) and 
Spermatophytes (seed plants) which occurred at least 400 MYA [179]. Gymnosperms 
and angiosperms are thought to have diverged from a common ancestor about 300 MYA 
[180, 181]. Within the gymnosperms, the conifers are thought to have diverged about 140 
MYA [182]. Class I knox genes in conifers (KN1, KN2, KN3, KN4) are thought to have 
diverged about 160 MYA before the split between pine and spruce [96]. In angiosperms, 
KNOX-I genes have diversified into four groups (A1, A2, A3 and A4). Gymnosperms 
have only one of these groups which is sister to A4 and all the class I knox genes known 
in conifers so far belong to A4 and have diverged into four subgroups (KN1, KN2, KN3 
and KN4). These conifer sequences form a monophyletic group and are not shared by 
angiosperms. Thus class I knox genes in conifers evolved differently from those in 
angiosperms probably by gaining new paralogs and losing the common genes after their 
split [96]. The Loblolly pine genome is very large and complex (approximately 2 x 1010 
bp; roughly 100 fold larger than the Arabidopsis genome).  It is composed of highly 
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repetitive sequences; and multiple copies of genes which could be either functional gene 
or pseudogene are generated by gene amplification [183]. 
1.8 Altered activity of a single gene has profound effects on development 
 Very different morphologies, life cycles and characteristics of plants can be 
explained by the difference in expression of regulatory genes which are mostly caused by 
mutations in promoters and enhancers [184]. An example of this is the development of 
maize as domestic crop from its progenitor teosinte by change in expression of a single 
gene teosinte branched1 (tb1) which increased apical dominance [185]. Another example 
is the development of a large tomato fruit from its small progenitor due to change in 
regulation of a single gene fruitweight2.2 (fw2.2) [186]. An example of change in 
phenotype due to change in single amino acid is of a myb transcription factor gene 
shattering4 (sh4) in rice; which causes the wild rice to fall on ground and the cultivated 
rice to stay on the plant [187]. See Figure 1.10 for the altered phenotypes of these 
examples.  
A suite of genes is required for correct embryo development, but alteration in a 
single gene can have profound effects on development. Alteration in the expression of 
knox genes, through mutation or by increasing or decreasing mRNA levels in transgenic 
plants, produces profound changes in morphology and growth. For example, mutation or 
overexpression of knox genes in transgenic plants causes great difference in size, shape 
and development [50, 51]; therefore is an important gene and could provide clues to 
embryo development in gymnosperms and angiosperms. In the following chapters I 





















Figure 1.10: Altered activity of a single gene has profound effects on development 
[188]. 
Change is expression of ts1 causes domesticated maize to form from wild-type teosinte. 
Change in regulation of fw2.2 causes tomato size to increase 30%. 
Change in a single amino acid of sh4 converts shattering rice to become non-shattering.
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CHAPTER 2 
KNOX PROTEINS LACKING A HOMEODOMAIN ARE 
PRODUCED VIA ALTERNATIVE SPLICING OF KNAT-1 LIKE 
GENES IN GYMNOSPERMS AND ANGIOSPERMS 
 
2.1 Introduction 
Embryogenesis in Gymnosperms and Angiosperms while broadly similar differs 
in important respects.  In pines the zygote undergoes several rounds of nuclear 
duplication before forming walls to create mononuclear cells; multiple embryos develop 
initially before one dominates and ultimately a single elongate embryo with 6-8 
cotyledons develops. All of the above unfolds within a haploid gametophyte, the 
endosperm being absent [28, 30, 189]. In Arabidopsis, the zygote divides asymmetrically 
to establish a smaller apical cell which produces the embryo, and a larger basal cell which 
will form the suspensor; the embryo assumes a variety of shapes on the way to forming a 
dicotyledonous structure, folded over within a  triploid endosperm [26, 190]. Despite 
these differences, the genes expressed in developing pine embryos show strong sequence 
similarity to those found in angiosperm genomes [31]. The distinguishing features of 
conifer embryogenesis may be a consequence of the level, timing or localization of 
expression of certain regulatory genes perhaps supplemented by the activity of a few 
unique or highly differentiated proteins.  
The KNOX family of regulatory genes exerts considerable influence upon plant 
development [50, 51]. Alteration in the expression of KNOX genes, through mutation or 
by increasing or decreasing mRNA levels in transgenic plants, produces profound 
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changes in morphology and growth. The ability of these proteins to affect a broad range 
of cellular activities is explained in great measure by the presence within the KNOX 
proteins of distinct domains that can interact with a variety of other regulatory proteins. 
The HD region of KNOX proteins is a sequence-specific DNA-binding domain that can 
directly regulate expression of target genes [77, 78]. The KNOX1 and KNOX2 regions 
constitute the MEIKNOX domain [97] which has been shown to homodimerize with 
KNOX family proteins [98, 114] or heterodimerize with members of the BELL family of 
TALE HD proteins [93, 100-105].  However the HD itself is capable of mediating 
protein-protein dimerization [98, 114] possibly via the ELK domain [34, 106]. Individual 
KNOX proteins appear to interact with BELL proteins in a discriminating manner, with 
certain interactions being strong while others are much weaker [100, 103, 104]. KNOX 
genes have been identified in conifers, mRNAs have been cloned and the predicted 
proteins have been shown to possess features common to the KNOX family [70, 71, 96, 
191].  Here we report a novel conifer KNOX mRNA which lacks HD sequences and is 
produced by cleavage-polyadenylation within the large third intron of the PtKN1 gene.  
This transcript and its encoded protein are expressed during embryogenesis. We show 
comparable mRNAs and proteins are produced by the Arabidopsis KNAT1 gene, and by 
the maize RS1 gene. 
2.2 Results 
2.2.1 PtKN1 – the KNAT1-like mRNA of Loblolly Pine (Pinus taeda L.) Contains 
Highly Conserved Domains 
By employing primers based on the sequence of the Norway spruce (Picea abies) 
KNAT1-like mRNA (HBK3, AF483278) in RT-PCR, I cloned fragments of mRNAs 
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expressed at different stages of embryo development in loblolly pine (Pinus taeda L.). 
Using these sequences, 5`RACE was used to obtain the 5` end of the mRNAs. Finally 3` 
RACE was used to generate single-molecule cDNA clones containing the 5’UTR 
sequences, the complete protein-coding sequence and regions of the 3` UTR 
(Supplementary Data Figure A.1). The open reading frame of these clones was 963 
nucleotides long and, due to differences in the length of the 3’UTR, the cDNA clones 
varied in length from 1400 to 1900 nucleotides. Taking the longest clone as reference, the 
sequences of twenty-nine independently isolated PtKN1 cDNAs were compared and 
shown to be virtually identical, with a minimum of zero to a maximum of 8 nucleotide 
differences over their length. The predicted protein from the pine KNAT1-like mRNA 
(PtKN1) shows strong conservation of sequence within the KNOX1, KNOX2, and HD 




Figure 2.1: Alignment of the amino acid sequences deduced from the sequences of 
PtKN1 and Arabidopsis KNAT1 (NM_116884) mRNA.  
There is overall amino acid identity of 62% (86% in HD); and similarity of 77% (92% in 
HD)) between the sequences. Conserved domains are indicated as follows: green - 
KNOX1; yellow - KNOX2; blue - ELK; red – HD. 
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2.2.2 A KNAT1-like mRNA (PtKN1(hd-)) Lacking HD Sequences is Expressed 
During Pine Embryo Maturation 
Unexpectedly, I isolated several clones of a PtKN1 mRNA which encode a 
putative protein containing the MEINOX domain but lacking the HD (Figure 2.2, 
Supplementary Data Figure A.2). I will, henceforth, refer to mRNAs containing HD 
sequences as (HD+) and those lacking such sequences as (hd-). 
The nucleotide sequence of PtKN1(hd-) mRNA is identical to the PtKN1(HD+) 
mRNA sequence from the 5’UTR through the KNOX1 and KNOX2 domains, thereafter 
a novel sequence is present containing a stop codon which terminates the PtKN1(hd-) 
protein 39 amino acids after the point at which the (HD+) and (hd-) sequences diverge 
(Figure 2.2). The PtKN1(hd-) mRNA contains a lengthy 3’UTR which bears no similarity 
to any previously identified sequence. The domain structure of the two mRNAs is shown 
diagrammatically in Figure 2.3 and the nucleotide alignment is given in Supplementary 
Data Figure A.3). This is the first identification of a plant KNAT-1-like mRNA which 






Figure 2.2: Alignment of the amino acid sequences deduced from the sequences of 
PtKN1(HD+) and PtKN1(hd-) mRNA. 
There is 100% identity between the sequences in the overlapping region. Conserved 








Figure 2.3: Domain structure of PtKN1(HD+) and PtKN1(hd-) mRNA. 
Thick boxes represent the protein-coding regions and the thin boxes represent the 
untranslated regions.  
Primers used for the RT-PCR analysis – Location of gene specific primers KEF2+KR 
and KI3U1+KI5R1, used for semi-quantitative PCR are shown above. These primers 
generate 472 bp and 391 bp products for PtKN1(HD+)  and PtKN1(hd-) forms 
respectively.  
Position of antibody binding - A polyclonal antibody was raised against a peptide 
sequence which is present in both the PtKN1 forms. The location of the epitope, the site 
of the antibody binding is indicated by a ‘fork’ above the sequence.  
Conserved domains and untranslated regions are indicated as follows: turquoise – 
5`UTR; green - KNOX1; yellow - KNOX2; blue - ELK; red - HD;  tan - (hd-) specific 
ORF sequences; pink - (hd-) 3` UTR; purple - (HD+) 3` UTR. 
PtKN1(-) KNOX 3`UTR 5`UTR 
KI5R1 KI3U1 
KNOX2 
PtKN1(+) KNOX KNOX ELK HD 3`UTR 5`UTR 
KR KEF2 
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2.2.3 The PtKN1(hd-) mRNA is Expressed Abundantly During Pine Embryo 
Maturation 
Expression of a KNAT1-like protein which lacks a HD could have significant 
influence upon development, either by suppressing KNOX activity through forming non-
functional dimers with HD-containing proteins or through novel interactions resulting in 
altered gene regulation. To determine the expression pattern of these transcripts during 
embryo development, semi-quantitative PCR was performed using primers specific for 
the two forms of mRNA; primer locations are shown in Figure 2.3. Figure 2.4A shows 
that the PtKN1(HD+) transcript is expressed fairly steadily throughout pine embryo 
development. By contrast, the level of PtKN1(hd-) mRNA rises gradually, peaking 
during the late maturation phase of development, after the embryo has reached its final 
shape and size. At its zenith, the abundance of PtKN1(hd-) mRNA greatly exceeds that of 
PtKN1(HD+) mRNA and is virtually the exclusive form of KNAT1-like mRNA present 
in the embryos immediately prior to germination. Albumin has been shown to be 
successfully used as control in semi-quantitative PCR in loblolly pine [192] and therefore 
was used as control in this research. 
2.2.4 PtKN1(hd-) Protein is More Abundant than the PtKN1(HD+) Protein in Late 
Maturing Pine Embryos 
To establish that these mRNAs are translated, antibodies were generated against a 
loblolly pine PtKN1 sequence common to both forms of protein (Figure 2.4B, 
Supplementary Data Figure A.4). The expression patterns observed were broadly similar 
to those observed for mRNA. The amount of PtKN1(hd-) protein rose over development, 
peaking during late embryo maturation. The quantities of PtKN1(HD+) protein varied 
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little over development and did not fall away in  late development, as was observed for 
PtKN1(HD+) mRNA. One notable feature is that, in late maturing embryos, the 
PtKN1(hd-) protein was considerably more abundant than the HD-containing version, 
consistent with the quantitative differences in mRNA observed earlier (Figure 2.4A).  
 
 
















A : Enzyme - Advantage2 Taq Polymerase  
No. of cycles - 30 for hd- and 35 for HD+ and albumin  
Volume loaded on gel - 8ul each 
 
 




























































































































































































































































































































































A2 - Original graph of Sq-PCR for PtKN1(HD+), PtKN1(hd-) and Albumin 
 
 













A3 - Enzyme – Advantage 2 Taq polymerase 
No. of cycles - 30 
Volume loaded on gel - 8ul each 
 
 


















































































































































































































































































































































































A4 - Enzyme – Advantage 2 Taq polymerase 
No. of cycles – 35  















A5 - Enzyme – Advantage 2 Taq polymerase 
No. of cycles – 35 
Volume loaded on gel - 8ul each 
 
 









A6 - Enzyme - Green Master Mix  
No. of cycles - 35  








A7 - Enzyme - Green Master Mix  
No. of cycles - 35  




















































































































































































































































































































































































































































































































































































































B1 – Normalized graph of Western blotting for PtKN1(HD+) and PtKN1(hd-) 
 

















































































































































































































































































































































Control protein loading for Western blotting.  
12ug of protein loaded for each lane. 
 
Figure 2.4: PtKN1(HD+) and PtKN1(hd-) mRNAs and proteins are developmentally 
regulated. 
(A) Semi-quantitative RT-PCR for pine embryos over development. RNA was 
extracted from pine embryos at different stages of development, as shown above the lanes 
and semi-quantitative PCR was performed.  1- stages 1-4; 2- stages 5-6; 3- stages 7-8; 4- 
staes 9.2-9.3; 4- stages 9.4-9.5; 4- stages 9.6-9.7; 4- stages 9.8-9.9. Albumin was used as 
control. For staging system see Ciavatta et al. (2001). 
(A1-A2) Normalized and original graphs for sq-pcr for PtKN1(HD+), PtKN1(hd-) 
and albumin. 






























































































(B) Western analysis of PtKN1 proteins over embryo development.  
Protein was extracted from the same pine embryo used for semi-quantitative PCR. 
Western blotting was performed using antibody raised in the region shown in Figure 2.3. 
Two proteins were detected one of approximately 48kD and the second of 35kD which 
correspond to the size obtained from putative protein sequence of PtKN1(HD+) and 
PtKN1(hd-) respectively based on their cDNA sequences. 
(B1-B2) Normalized and original graphs for western blotting for PtKN1(HD+), 
PtKN1(hd-). 
(B3)-(B4) Replicates of Figure 2.4B 
(B5) Stained protein gel - loading control for Figure 2.4B, Figure 2.4B3, Figure 
2.4B4 Equal volume of protein was loaded for each lane. The gel was stained with simply 
blue safe stain (Invitrogen, Carlsbad, CA). The loading of the protein does not look even. 
Normalized graph is true representation of the expression rather than the original where 
the expression of lane 3 (stage 7-8) is higher because of more protein loading compared 
to the other stages. 
See methods and materials section for the procedure used to make graphs. 
 
2.2.5 Genomic Cloning of PtKN1 
The nucleotide identity of the pine PtKN1(hd-) and PtKN1(HD+) mRNAs in their 
regions of overlap would be expected if both mRNAs were derived by alternative 
splicing of a PtKN1 RNA from the same gene. In Arabidopsis, KNAT1 is a single gene 
and no splice variant lacking a HD has been reported [60]. In conifers, no complete 
genomic clone of KN1 has been isolated. This may be due to cloning difficulties  caused 
by the large size of the third intron in many KN1 genes; over 5kb in maize (Zea mays), 
5.5kb in rice (Oryza sativa) and over 4 kb for KNAT2 in Arabidopsis [60, 90, 193]. 
Guillet et al. (2004), cloned genomic regions which were 5` and 3` to intron 3 of KN1 for 
several conifers but did not clone intron 3.  
Using gene specific primers based on the mRNA sequences I generated single 
molecule clones of the 5’end and 3’end of the PtKN1 gene. I made numerous attempts to 
generate a single molecule clone which spanned the third intron of PtKN1 however I was 
unsuccessful; consequently I employed ‘Genome Walker’ technology (Clontech, 
MountainView, CA) to obtain overlapping clones of PtKN1 intron 3. A diagram of the 
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structure of the PtKN1 gene is shown in Figure 2.5. Sequence of the primers used for 
isolation of genomic sequence is shown in supplementary data table A.1 and location of 
those primers and a contig map of the PtKN1 gene sequence are shown in supplementary 
data Figure A.5.  
The sequences of PtKN1 exons1, 2 and 3 are identical to the sequences found in 
the 5` end of both PtKN1(HD+) and PtKN1(hd-) mRNAs. The boundaries of exon 3 are 
traditionally defined by alignment of the genomic sequence with the principal mRNA, in 
this case PtKN1(HD+). However, in pine the genomic DNA, the region which is 
common to both mRNAs is immediately followed, by the unique sequence found at the 
3’end of the PtKN1(hd-) mRNA i.e. the 3’end of the PtKN1(hd-) mRNA is encoded by 
the proximal end of intron 3. Eleven PtKN1(hd-) genomic clones covering exon 1 
through the proximal end of intron 3 showed 99.6% identity (1 to 9 nucleotide 
differences over 2090 bp). The exonic regions of these clones show 100% nucleotide 
identity with (HD+) and 100% nucleotide identity with (hd-) cDNAs. These data argue 
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Figure 2.5: A single PtKN1 gene produces two mRNAs – PtKN1(HD+) and 
PtKN1(hd-).  
Diagram of PtKN1 Gene Structure. exons (E) and exons (I) are represented by Boxes and 
Lines respectively. exons 1, 2 and 3 which encode the region from 5`UTR to KNOX2 
domain are common to PtKN1(HD+) and PtKN1(hd-) mRNAs. The 3’UTR of 
PtKN1(hd-) is encoded by the proximal region of exon3. The PtKN1(hd-) mRNA could 
be produced by splicing to remove the first two introns followed by cleavage-
polyadenylation or termination within intron 3. While spliced removal of exon3 and 4, 
would exclude the sequences encoding the 3’UTR of PtKN1(hd-) and produce the HD 
containing, PtKN1(HD+) mRNA. 
 
The 4th and 5th exons encode the HD. A GU-AG splice which removes intron 3, 
creates the HD+ form of the mRNA, and in so doing excludes the sequence found at the 
3’end of the hd- mRNA. The mechanism determining which type of mRNA is produced 
may be complex. The PtKN1(hd-) mRNA could be produced by splicing of the first two 
introns followed by cleavage-polyadenylation of the primary transcript emerging from 
RNA polymerase as it traverses intron 3. The regulatory dynamic at play would be a 
competition between cleavage-polyadenylation within intron 3, to produce PtKN1(hd-) 
mRNA, and removal of intron 3 by splicing, to produce PtKN1(HD+) mRNA.  
Conifer genomes are large (approximately 2 x 1010 bp); roughly 100-fold larger 
than the Arabidopsis genome with multicopy gene families and processed pseudogenes 
being common [183, 194]. The sequence identity of the PtKN1(HD+) and PtKN1(hd-) 
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mRNAs suggests that they originate from a single gene however, in such a large genome, 
additional forms of the PtKN1 gene, such as a version of the KN1 gene which lacks a 
HD, may be present. To assay the heterogeneity of the PtKN1 gene family I generated 
and cloned genomic fragments spanning different regions of the gene using PCR primers 
in exonic regions. Single genomic fragments of expected size were observed and cloned 
for analysis. The genomic inserts of individual plasmid clones were amplified by PCR 
and digested using several restriction enzymes which cut within intronic and exonic 
regions. Digestion patterns for 14 independent genomic clones of the region from the 
5`UTR through exon 2; and the region at 3` end covering exon 4, intron 4 and exon 5 
show identical digestion patterns (except clones 8 and 14 in Figure 2.6B and Figure 2.6C, 
clone 10 in Figure 2.6E and Figure 2.6F; which are consistent with same gene structure in 
opposite orientation). These data are consistent with a single form of the PtKN1 gene 
within loblolly pine genome. 
A further search for sequence heterogeneity was performed by cloning genomic 
DNA which lies 5’ to the coding region. Using a primer within the ORF which is 
common to both types of transcript, I performed ‘genomic walks’; cloning region 5’ of 
the PtKN1 gene.  Sixteen independent genomic clones of 1.0kb in length were sequenced. 
These clones represent approximately 945 bp of the sequence upstream of the putative 
TSS. All sixteen clones were nearly identical in sequence. Taking one clone as a 
reference I observed between 0 and 8 random nucleotide differences over 1.0kb (data not 
shown). Subsequent isolation of overlapping clones and assembly of contiguous sequence 
has provided 1,730 bp of ‘promoter’ sequence. The sequences of eight independent 
genomic clones representing sequence 1236 – 1669 bp upstream of the putative TSS were 
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identical.  The lack of sequence heterogeneity within 1,730 bp of PtKN1 promoter 
sequence is consistent with a single form of PtKN1 gene. 
 
HindIII + NcoIC
8 14974 5321 13121110Marker 6
BamHI + XhoI
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Figure 2.6: Restriction digestion of different regions of genomic DNA to determine 
PtKN1 structure.  
Region covering exon1, intron1 and exon2 and region covering exon4, intron4 and exon5 
were amplified with primers as shown in A and D respectively. 14 independent clones of 
each region were digested with restriction enzymes that cut at locations marked by 
vertical bars as shown in A and D.  B and C are digestion of clones generated in region 
shown in A; and E and F are digestion of clones generated in region shown in D. Clone 
numbers 8 and 14 in B and C and clone number 10 in E and F have different size 
products, but are consistent with the same gene structure inserted in opposite orientation 
in the vector. All other clones have identical digestion pattern which is consistent with 
single form of PtKN1 gene.  
B - BamHI, N - NcoI, H - HindIII, X - XhoI, A - ApoI , E - EcoRI, P – PsiI. 
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2.2.6 Cloning of an Arabidopsis KNAT1 mRNA lacking HD Encoding Sequences 
Arabidopsis KNAT1 mRNA (NM_116884) has been studied extensively. The 
absence in any EST database of a KNAT1 variant which lacks HD sequences may reflect 
the absence of such a splice in this plant, or may indicate very low levels of such an 
mRNA. I sought to clone an AtKNAT1(hd-) mRNA from Arabidopsis embryos. Since 
the nature, location and magnitude of such a splice was unknown to us, and could 
conceivably include intronic sequences as I had observed in pine, a PCR strategy using 
gene specific primers was untenable. However, by making SMART cDNA (Clontech, 
MountainView, CA) from Arabidopsis seeds, 5 days after fertilization and conducting 3’ 
RACE using a primer located 5’ to the HD sequence and the adapter primer located at the 
polyA tail I isolated a cDNA fragment representing a form of KNAT1 mRNA which 
lacked HD sequences (Figure 2.7, Supplementary Data, Figure A.6, Figure A.7). 
Subsequently using gene specific primers flanking the splice site I generated several 
identical cDNA clones, indicating that this appears to be the sole or at least the 
predominant splice used to remove KNAT1 HD sequences from the primary transcript. 
The splice initiates at a GU donor site 59 nucleotides from the normal end of exon 
3 and terminates at a UC acceptor site located 167-168 nucleotides within exon 5, thereby 
excising intron 3, exon 4, intron 4 and the first 168 nucleotides of exon 5.  The usage of 
such non-canonical splice site in Arabidopsis has not been observed before. The splice 
removes the last 29 nucleotides of the KNOX2 domain resulting in loss of the terminal 11 
amino acids of the 52 amino acid KNOX2 domain, as well as the entire HD. By contrast, 







Figure 2.7: Alignment of the amino acid sequences deduced from Arabidopsis 
KNAT1(hd-) and KNAT1 (full length) cDNA.  
There is 100% identity between the sequences in the overlapping region. Conserved 




2.2.7 Identification of a Transcript Lacking HD Sequences in a Monocotyledonous 
Plant Maize RS1  
Magnani and Hake (2008) identified KNATM as a KNOX-like protein lacking 
HD in dicotyledons, no KNATM sequence could be identified in monocotyledons. I have 
identified an (hd-) spliced form of RS1 (NM_001111861.1) in maize by BLAST search 
against the NCBI nucleotide database (Supplementary Data Figure A.8, Figure A.9). This 
form of mRNA (DY236300.1) lacks part of the ELK domain (the last 19 of the 22 amino 
acids) and the splice removes the first 27 of the 66 amino acid HD sequences. The key 
amino acids WW from helix 1 and P from the PYP loops are missing; and the amino 
acids IN of the conserved WFIN motif from helix 3 are changed to FT. 
2.2.8 Expression of Arabidopsis KNAT1 mRNA lacking HD Sequences 
To assay the relative abundance of mRNAs containing or lacking the HD 
sequence I conducted semi-quantitative RT-PCR. Arabidopsis embryos complete 
development in about 11 days after which desiccation ensues to produce a fully mature 
seed after about 14 days [190]. Approximately 5 days after fertilization Arabidopsis 
embryos are entering the ‘torpedo’ stage, a late morphogenic phase of development, and 
at 10 days they are in maturation phase. Our results show that in 5-day old seeds and in 
Rosette leaves KNAT1(hd-) mRNA is present in very low amounts relative to 
KNAT1(HD+) mRNA while in 10-day old seeds and whole plant no KNAT1(hd-) 
mRNA could be detected (Figure 2.8A). This is in contrast to expression of PtKN1(hd-) 
mRNA for equivalent stages of development in pine; during late morphogenesis, pine 
PtKN1(hd-) mRNA is fairly abundant and in late maturing embryos it is essentially the  
dominant KNAT1 mRNA species (Figure 2.4B). 
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2.2.9 The KNAT1 and KNATM Genes in Arabidopsis Exhibit Different Expression 
Patterns 
During the course of this project, Magnani and Hake (2008) reported a novel 
member of the Arabidopsis KNOX family, KNATM, which is encoded by a small gene 
on Chromosome 1 (At1g14670). KNATM is expressed, by alternative splicing, via three 
mRNAs KNATM-A, B and C. The KNATM-B mRNA encodes a full MEINOX domain 
and in yeast two-hybrid assays was shown to interact with a number of BELL proteins.  
In experiments where the KNATM-B MEINOX domain was deleted no such interaction 
was observed and the KNATM-A and KNATM-C proteins, which encode partial 
MEINOX domains, did not interact with BELL proteins. The KNATM gene was 
identified in several angiosperm dicotyledonous plants, but no comparable gene was 
found in monocotyledons. By contrast, here we report that KNAT1-like mRNAs and 
proteins lacking HD sequences are present in gymnosperms, and both monocotyledonous 
and dicotyledonous angiosperms. KNAT1-like proteins lacking HD may thus be 
ubiquitous; the role of KNATM may be complementary to that of KNAT1 in 
dicotyledons or partially redundant. To examine the relative expression patterns of 
KNAT1 and KNATM in Arabidopsis, we performed semi-quantitative PCR using a 
primer common to the KNATM mRNAs and a primer specific to the KNATM-B mRNA. 
Figure 2.8B shows that KNATM-B mRNA is expressed in Rosette Leaves and Seedlings, 
as was observed by Magnani and Hake (2008), but I detected no expression in seeds 
either 5 or 10 days after fertilization. These results indicate different patterns of 
expression for AtKNAT1(hd-) and KNATM-B mRNAs which suggest different roles 
within development. 
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2.2.10 Cloning of Arabidopsis KNAT1 mRNA Lacking the MEINOX encoding 
sequence 
Using two gene specific primers located in the 5’ and 3` UTRs of KNAT1 
mRNA, I isolated a cDNA fragment representing a form of KNAT1 mRNA which lacked 
MEINOX sequences (Supplementary Data, Figure A.10, Figure A.11). This form of 
KNAT1 lacks KNOX1 domain and partial KNOX2 domain. The splice initiates at a GU 
donor site 426 nucleotides from the normal end of exon1 and terminates at the traditional 
AG acceptor site of intron 2, thereby excising intron 1, exon 2 and intron 2.  The splice 
removes 344 nucleotides starting at position 40 after start codon, the entire KNOX1 
domain and the first 45 nucleotides of the KNOX2 domain. The translated product of 
KNAT1(knox-) mRNA  lacks 117 amino acids compared to wild type sequence, starting 
at position 15 after initiating Methionine, this splice removes the entire KNOX1 domain 
and first 15 of the 45 amino acids of the KNOX2 domain. 
2.2.11 Expression of KNAT1 mRNA lacking MEINOX Sequences 
To determine the relative abundance of mRNAs containing or lacking the 
MEINOX sequence I conducted semi-quantitative RT-PCR. Our results show that in 5 
and 10 day old seeds and in seedlings KNAT1(knox-) mRNA is present in low amounts 
relative to KNAT1(HD+) mRNA and in rosette leaves no KNAT1(knox-) mRNA could 
be detected (Figure 2.8E). 
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A, B - Enzyme - Advantage2 Taq Polymerase  
No. of cycles - 50 
Volume loaded on gel – 20 ul 
 
































































A2 – Original graph of sq-pcr for KNAT1 and KNAT1(hd-) 
 
 










A3- Enzyme - Advantage2 Taq Polymerase  
No. of cycles - 40 














A4 - Enzyme - Advantage2 Taq Polymerase  
No. of cycles – 30, 35, 40 



















A5 - Enzyme - Advantage2 Taq Polymerase  
No. of cycles - 45 
Volume loaded on gel – 20 ul 
Lanes – 1, 3, 5, 7 are KNAT1 

















A6 - Enzyme - Advantage2 Taq Polymerase  
No. of cycles - 50 
Volume loaded on gel – 15 ul 
Lanes – 1, 3, 5, 7 are KNAT1 




































C – Western blotting using Ab that binds to internal region of KNAT1 
 

























C1 – Normalized graph of western blotting using Ab that binds to internal region of 
KNAT1 
 
























































D – Western blotting using Ab that binds to C terminal region of KNAT1 
 

















































































       






























E - Enzyme - Advantage2 Taq Polymerase  
No. of cycles - 40 
Volume loaded on gel – 15 ul 
 
























E1 – Normalized graph of sq-pcr for KNAT1 and KNAT1(knox-) 
 












































E3 - Enzyme - Advantage2 Taq Polymerase  
No. of cycles – 40 
Volume loaded on gel – 10 ul 
 
Figure 2.8: Spliced forms in Arabidopsis KNAT1 that lack HD or KNOX regions.  
(A) RT-PCR analysis of Arabidopsis KNAT1(hd-) 
(B) RT-PCR analysis of Arabidopsis KNATM-B 
(A1) Normalized graph of sq-pcr for KNAT1 and KNAT1(hd-) 
(A2) Original graph of sq-pcr for KNAT1 and KNAT1(hd-) 
(A3) Replicate of Figure2.8A 
(A4) Replicate of Figure2.8A 
(A5) Replicate of Figure2.8A and Figure 2.8B 
(A6) Replicate of Figure2.8A and Figure 2.8B 
(C) Western analysis of AtKNAT1 proteins using Antibody sc-19215  
KNAT1(hd-) protein is expressed in Arabidopsis. Antibody binds to only KNAT1(hd-) 
and expression is seen in RL. Anti-AtKNAT1 Antibody sc-19215 was purchased from 
Santa Cruz Biotechnology, CA).  
(C1) Normalized graph of western blotting using Ab that binds to internal region of 
KNAT1 
(C2) Original graph of western blotting using Ab that binds to internal region of 
KNAT1 
(C3) Replicate of Figure 2.8C 
(D) Western analysis of AtKNAT1 proteins using Antibody sc-19217   
KNAT1(knox-) protein is expressed in Arabidopsis Antibody binds both KNAT(hd-) and 
KNAT(knox-) and expression is seen in RL and S respectively. The expected size of 
KNAT1(hd-) and KNAT1(knox-) from putative protein sequences are 25kD and 27kD. 
Anti-AtKNAT1 Antibody sc-19217 was purchased from Santa Cruz Biotechnology, CA). 
(D1) Normalized graph of western blotting using Ab that binds to C terminal region 
of KNAT1 
(D2) Original graph of western blotting using Ab that binds to C terminal region of 
KNAT1 
(D3) Replicate of Figure 2.8D 
(D4) Control protein loading for Figure 2.8C, Figure 2.8C3, Figure 2.8D and Figure 
2.8D3 
(E) RT-PCR analysis of Arabidopsis KNAT1(knox-) 
(E1) Normalized graph of sq-pcr for KNAT1 and KNAT1(knox-) 




(E3) Replicate of Figure 2.8E 
Day 5 (D5), Day 10 (D10) seeds after fertilization, rosette leaves (RL) and seedling (S) 
tissue. 
– Band was cloned and sequenced and shown to be primer multimer (data not shown). 
 - Antigen for this antibody is located within the KNOX domain in a region with strong 
sequence similarity to KNAT2 and KNAT6 proteins which are 35-36kD respectively. 
Since Antibody sc – 19217 shows greater KNAT1 specificity, and does not detect this 
band (Figure 6D), the 35kDa species may be KNAT2 and/or KNAT6 proteins.  
 
2.2.12 An OSH1-like Transcript Splice Removes KNOX Sequences and Changes 
Reading Frame in Rice 
I identified several (knox-) spliced forms of OSH1 in rice, a monocot, by a 
BLAST search against the NCBI nucleotide database. These transcripts (e.g. 
AK107637.1, NM_001057674) lack part of the KNOX1 domain (corresponding to the 
first 19 of the 45 amino acids) (Supplementary Data, Figure A.12). Alignment of 
AK107637.1 mRNA and full-length mRNA (D16507.1) with the genomic sequence 
assigns 7 exons to AK107637.1 compared to 5 exons for D16507.1. Translation initiation 
appears coincident with the major transcript, however, a splice 183 nucleotides after the 
ATG of AK107637.1 removes 176 nucleotides, creating a 19 nucleotide exon 
corresponding to the final 19 nucleotides of exon 1 in D16507.1). Thereafter the 
sequences are identical, and all succeeding splices are common between AK107637 and 
D16507.1. However the 176 nucleotide splice, effects a change in reading frame and 
results in a protein lacking MEINOX and HD which has no similarity to OSH1.  
2.2.13 Proteins Are Encoded by KNAT(hd-) and KNAT(knox-) mRNAs 
To determine whether the KNAT1(hd-) and KNAT1(knox-) mRNAs are 
translated, I performed Western analysis using protein isolated from rosette leaves and 
seedling tissue (Figure 2.8D). Using the KNAT1 Antibody sc-19215, which is raised 
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against a 20 amino acid peptide antigen mapping between aa# 150-200 of NP_192555.1 
(Santa Cruz Biotechnology, pers.com. K. Griffin) I detected bands corresponding to the 
KNAT1 full length protein and the KNAT(hd-) protein  in Rosette Leaves (Figure 2.8C). 
In seedlings I detected the full length KNAT1 cDNA but KNAT(hd-) was absent.. These 
results are consistent with the RT-PCR results (Figure 2.8A). A very prominent protein 
band was detected in both samples migrating around 35kD. I have found no AtKNAT1 
cDNA capable of encoding a 35kD protein. Since region 150-200 of KNAT1, against 
which the sc-19217 antibody was raised, encodes the KNOX domain which has very 
sequence similarity to the KNOX domains of KNAT2 (mw. 35.64 kDa) and KNAT6 
(mw. 36.9 kDa) it is possible that the antibody is binding to these proteins 
(Supplementary Data, Figure A.13). 
To analyze KNAT1 expression further, I repeated Western analysis this time 
using the KNAT1 Antibody sc-19217, which is raised against a 20 amino acid peptide 
antigen mapping to the C-terminal of KNAT1, between aa# 350-400 of AAM03027.1 
(Santa Cruz Biotechnology, pers.comm K. Griffin). This region bears no similarity to 
other KNAT-like proteins and in this analysis no 35kDa band was seen (Figure 2.8D). 
The sc-19215 antibody detects full length and KNAT1(hd-) protein in rosette leaves and 
seedlings. The sc-19217 antibody detects a 25 – 27kDa band in Seedling tissue whereas 
no band of this size was seen in this tissue using sc-19215. AtKNAT1(knox-) mRNA is 
present in seedling tissue (Figure 2.8E), and its predicted peptide is 27kD. Since the sc-
19217 antibody binds outside the KNOX domain it is likely that the 25 – 27kDa band is 
the AtKNAT1(knox-) protein. It is notable that while AtKNAT1(HD+) mRNA is more 
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abundant than the AtKNAT1(hd-) mRNA (Figure 2.8A) the quantities of their proteins 
don’t differ much (Figure 2.8 C, D).  
 
2.3 Discussion 
2.3.1 KNOX proteins Containing or Lacking HD Sequences are Produced by 
Alternative RNA Processing of a Single Gene 
Here I report that in loblolly pine embryos two principal forms of KNAT1-like 
mRNA are produced. One mRNA, PtKN1(HD+),  includes the MEINOX and HD 
sequences found in plant KNAT1-like mRNAs but the second mRNA, PtKN1(hd-),  is 
novel in plants in that while the MEINOX domain is present, the mRNA lacks the ELK 
and the HD sequence and terminates in a novel 3’UTR. Western analysis reveals that 
both these mRNAs are translated, the PtKN1(hd-)  mRNA and protein are abundant and 
in late maturing embryos their quantities exceed that of the canonical form. Proteins 
encoded by PtKN1(hd-) mRNA would be able to form heterodimers but not homodimer 
since MEINOX domain by itself can form heterodimers but needs the HD for 
homodimerization [98, 100, 102, 113, 114]. No protein-protein interaction mediated via 
ELK domain could occur through such a protein and without the HD this protein would 
not be able to recognize and bind DNA. The PtKN1(hd-) protein may function as a 
dominant-negative regulator of PtKN1 by binding and sequestering interacting proteins 
as non-functional dimers. By genomic sequencing I demonstrated that the novel 3’UTR 
of the PtKN1(hd-) mRNA is encoded by the regions of the gene immediately following 
the MEINOX domain, a region of the gene that  had been designated previously as exon 
3. Beyond intron 3 lies the HD sequences encoded by exons 4 and 5. While conifer 
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genomes are large, contain multi-gene families and many processed pseudogenes, four 
lines of evidence support the conclusion that PtKN1 gene has a single structure in the 
pine genome: 1) Twenty nine independently isolated PtKN1 cDNAs were virtually 
identical in sequence, with a minimum of 0 to a maximum of 8 nucleotide differences 
over their length. Five PtKN1(hd-) cDNAs were identical to one another and to the 
overlapping regions of the PtKN1(HD+) cDNAs. 2) Eleven PtKN1(hd-) genomic clones 
covering exon 1 through the proximal end of intron 3 showed 99.6% identity (1 to 9 
nucleotide differences over 2090 bp). The exonic regions of these clones show 100% 
nucleotide identity with (HD+) and 100% nucleotide identity with (hd-) cDNAs. 3) 
Restriction enzyme digestion patterns for 14 independent genomic clones of the region 
from the 5`UTR to exon 2 were identical, similarly 14 independent clones of the region 
covering exon 4, intron 4 and exon 5 show identical digestion patterns (Figure 2.6). 4) 
Sixteen independent genomic clones containing approximately 945 bp of the PtKN1 
promoter were generated from a region within the open reading frame that is common to 
both types of transcript. The sequences were identical, containing between 0 and 8 
random nucleotide differences over their length. Eight additional independent genomic 
clones which extended the region to 1670bp beyond the TSS were identical in sequence. 
The structure of the gene indicates that the PtKN1(hd-) mRNA could be produced 
by splicing of the first two introns followed by cleavage-polyadenylation of the primary 
transcript within intron 3. The PtKN1(HD+) mRNA could be produced by splicing of the 
first two introns followed by a splice which removes intron 3 and the unique sequences 
found at the 3’-end of the PtKN1(hd-) mRNA. These processes would be mutually 
exclusive.   
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Tian et al. (2007) found that in about 20% of human genes, cleavage-
polyadenylation occurred within an intron to produce alternative, truncated mRNA 
molecules. Weak 5’ splice sites and long introns were associated with intron 
polyadenylation. The choice of alternative polyadenylation site varied with tissue [195], 
and intronic polyadenylation also varied in different cell lines [196]. A dynamic between 
splicing and polyadenylation, has recently been shown to control the expression of the 
thiamin biosynthetic gene, THIC, in Arabidopsis [197]. The process is mediated via a 
riboswitch involving a conserved aptamer sequence which is capable of binding the 
vitamin B1 derivative, thiamin pyrophosphate (TPP). In the THIC gene, an intron, 
containing a major 3’ end cleavage-polyadenylation site, immediately follows the stop 
codon. In the absence of TPP, the aptamer, located downstream, can interact with the 5’ 
splice site. This blocks intron removal and the transcript is cleaved to form a strongly 
translated mRNA bearing a short 3’UTR. When present at high levels, TPP binds to the 
aptamer, altering its conformation such that 5’splice site interaction does not occur; 
consequently the intron is spliced out resulting in mRNAs with lengthy 3’UTRs, which 
are poorly expressed. Riboswitches are well characterized in bacterial systems and have 
been implicated in controlling expression of several metabolic genes in eukaryotes; 
however, none of these encode transcription factors.  
The KNOX mRNAs have been cloned in Norway spruce and their abundance 
during embryo development in vitro has been assayed by semi-quantitative PCR. KNAT1 
transcripts (HBK3) were expressed at constant level over somatic embryo development. 
However, these experiments employed primers specific to the 5’- and 3’-UTR of KN1 
transcripts which include the HD, thus the expression of the KN1(hd-) mRNA was not 
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observed. Elevated expression of the HD containing HBK3 protein in somatic embryos of 
Norway spruce promoted differentiation of immature embryos, increased the frequency 
with which mature embryos were observed and produced an enlarged stem apical 
meristem [71]. In cell lines expressing antisense HBK3 constructs (HBK3-A), the 
differentiation of immature embryos was greatly reduced however immature embryos in 
sense and antisense lines were not morphologically different. Belmonte et al. (2007) 
suggested that the antisense construct may be down-regulating an additional KNOX gene, 
noting the similarity of Norway spruce genes HBK1. Norway spruce embryos do produce 
KN1 transcripts lacking HD sequences (equivalent to PtKN1(hd-), our unpublished data) 
thus the phenotype observed could derive from suppressing translation of KN1(hd-) 
mRNA.  When HBK (sense) was expressed in Arabidopsis several post embryonic 
phenotypes were observed such as lobed rosette leaves and dwarf phenotypes, 
characteristics that were not observed for spruce. Belmonte et al. (2007) suggested that 
the strength of the different promoters used to express the cDNA may explain the 
different characteristics. It was observed that AtKNAT-1(hd-) mRNA is expressed at 
much lower levels than pine PtKN1(hd-) mRNA (Figure 2.4A, Figure 2.8A) thus the 
relative abundance of (hd-) mRNAs in spruce and Arabidopsis may also contribute to the 
differential phenotypes observed. 
2.3.2 The Arabidopsis KNAT1 Gene Produces mRNA and Protein Lacking HD 
Sequences 
I discovered a comparable splicing event that removes the HD sequence from the 
Arabidopsis KNAT1 RNA. The HD spliced KNAT1 mRNA is present at very low levels 
with respect to the HD-containing KNAT1 mRNA. This is in contrast to the relative 
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abundance of the PtKN1(hd-) mRNA in pine embryos and the rarity of this spliced form 
may explain why an Arabidopsis KNAT1 mRNA lacking HD sequences has not been 
reported previously. While the overall quantities of KNAT1(hd-) mRNA may be low, the 
tissues assayed are complex and this form of mRNA may be very abundant in particular 
cell types.. Any protein-protein interaction possible through the ELK domain will be lost 
and without the HD, the KNAT1 (hd-) form will not be able to recognize and bind DNA 
or localize to the nucleus. This implies that the KNAT1(hd-) protein may function 
cytoplasmically (because of the lack of NLS which is present at the N-terminal end of the 
HD), perhaps pairing with proteins thereby preventing their import into the nucleus. The 
KNAT1 (knox-) proteins lack the C-terminal side of KNOX2 domain. Since the KNOX2 
domain is required for dimerization these proteins may be unable to form dimers. 
2.3.3 In Monocotyledons KNAT1 like Genes are Spliced to Produce Transcripts 
lacking HDs  
Magnani and Hake (2008) cloned and characterized KNATM, a KNOX-like 
protein lacking HD sequences. KNATM was found in many dicotyledons, but no 
homolog could be identified in monocotyledonous plants. By contrast mRNAs of the 
monocotyledon maize gene rs1 in which the splice has removed some of the HD were 
identified by search against NCBI database. The protein encoded by this form of RS1 
mRNA would be able to form heterodimers, but may not be able to form homodimers. 
Without the ELK domain and with key regions of HD being either changed or absent, the 
protein would be unable to bind DNA and so could function as a dominant-negative 
regulator of RS1 by competing with its interacting partner.  
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The splice responsible for excising the Arabidopsis KNAT1 HD begins in exon3 
and removes intron 3, exon 4, intron 4 and part of exon 5. Interestingly, insertion 
elements which produce dominant mutations of KNAT1 in maize have been shown to 
locate within exon 3 [198]. Similarly the ‘Hooded’ mutation in barley is located within 
exon 4.  These dominant mutations in non-coding regions allow KNOX expression to 
expand outside the shoot apical meristems. Greene et al. (1994) suggested that a 
chromatin organizing element within the intron may have been disrupted by these 
insertions, resulting in the phenotype [198]. The discovery of a large splice which 
produces mRNA lacking HD sequences (Figure 2.7, Figure 2.8, Supplementary Data 
Figure A.6) may provide an alternative explanation.  Insertions within introns can reduce 
splicing efficiency [199, 200]. Insertions within the third and fourth introns of KN1 may 
affect splicing such that the amount of KN1 (hd-) mRNA and KN1 (hd-) protein is 
reduced. If these KN1(hd-) proteins do function as suppressors of KN1 activity by 
interacting with HD-containing proteins, then diminished quantities of KN1(hd-) proteins 
would result in incomplete suppression of KN1. Spatial expansion of KN1 activity 
beyond the SAM could be one manifestation of reduction of KN1(hd-) suppressor 
protein. Such a scenario implies that despite its low abundance, splicing of KN1 to 
produce KN1(hd-) mRNA is an important regulatory process which is regulated in a cell 
and tissue-specific fashion. 
2.3.4 Splicing Removes MEINOX Sequences from KNAT1 mRNA 
I report another spliced form of Arabidopsis KNAT1 that lacks the MEINOX 
encoding sequence. KNAT1(knox-) may not be able dimerize with other protein; but they 
may be able bind DNA with low affinity as a monomer [201], thus blocking the sites for 
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KNOX homo or hetero dimers to bind and function. A transcript which lack KNOX1 
sequences was also identified for the rice OSH1 gene; splicing creates a frameshift in the 
mRNA which produces a protein with little similarity to OSH1.  
Deletion studies in which domains of KNOX proteins have been removed, 
exchanged or mutated reveal a variety of phenotypes. Nagasaki et al. (2001) have shown 
by creating deletion mutants that KNOX1 has suppressive function and KNOX2 is 
required for dimerization. If the KNOX2 domain or both KNOX1 and KNOX2 domains 
are deleted from a protein, it cannot form a dimer; but if KNOX1 or KNOX2 or both 
KNOX1 and KNOX2 domains are deleted the protein can still bind to DNA. Magnani 
and Hake (2008) have shown that KNATM-B with complete MEINOX domain is able to 
interact with proteins of BELL family (PNY, BEL1, SAW1, SAW2) and proteins of 
KNOX family (KNAT1, KNAT3, KNAT4). KNATM isoforms A and C with some 
MEINOX domain sequence deletion do not interact with either KNOX or BELL family 
proteins.  
Sakamoto et al. (1999) generated chimeric proteins by exchanging different 
regions of KNOTTED1-like HD proteins in tobacco and they observed that the abnormal 
phenotypes observed were most severe when the C-terminal half of the ELK domain was 
exchanged. Nagasaki et al. (2001) constructed several conserved domain deletion 
constructs and were able to show that the ELK domain acts as a transcriptional repressor 
of target gene. Based on the phenotype observed, they also suggested that ELK domains 
may be involved in protein-protein interaction.  
Amino acids WW (helix 1), PYP (loop), WFIN (helix 3) are important for DNA 
binding; in particular PYP and WF are conserved among TALE family proteins in plants 
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and animals [109]. It has been suggested in animals, the N-terminal end of the HD is 
required for recognition of the target sequences [74, 109, 110] and the basic amino acid 
cluster in the N-terminal HD region functions as a NLS [111]. The MEINOX domain by 
itself can form heterodimers but needs the HD for homodimerization [98, 100, 102, 113, 
114]. Spliced mRNAs produced by the human Meis2 gene have MEINOX domains but 
contain a partial HD deletion. The proteins translated from these mRNAs are unable to 
bind DNA but compete with the HD-containing Meis2 proteins for dimerizing protein 
partners, and thus function as a dominant-negative regulator [115]. These results from 
previous studies help in understanding the function of (hd-) forms.  
The naturally-occurring spliced KNAT1 mRNAs which we report encode proteins 
whose architectures resemble those of the artificial constructs discussed above.  Studies 
in which domains are removed, exchanged or mutated thus predict the range of 
phenotypes and characteristics that may be expected as these mRNAs are more 
thoroughly investigated.  
KNOX proteins lacking HDs are expressed abundantly in pine embryos but at a 
very low level in Arabidopsis embryos (Figure 2.7). knox genes are central to many 
regulatory processes and knox gene misexpression creates pronounced phenotypes [50, 
51]. The degree to which the divergent morphology and developmental biology of 
loblolly pine and Arabidopsis embryos can be explained by an alteration in KNOX 
expression is an intriguing speculation. 
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2.4 Methods and Materials 
2.4.1 Plants and Embryo tissue 
Loblolly pine embryos were isolated from pine cones harvested weekly from 
open-pollinated loblolly pine mother tree 7-56. Cone collection took place from 7/01/04 
until 10/15/04 in a commercial pine orchard in Lyons, Georgia, US. Pine seeds were first 
cracked open to reveal the ovule. The ovules were dissected under microscope to excise 
the whole embryos which were then flash frozen. Embryos were staged according to the 
staging system developed by Pullman and Webb (1994). RNA was isolated as described 
below. Arabidopsis tissue and RNA were obtained from Dr. Joe Nairn (UGA) and Dr. 
John Ohlrogge (Michigan State University). 
2.4.2 RNA isolation and cDNA synthesis 
Embryos from early stages 1-4, middle stages 5-8, and late stages 9.2-9.3, 9.4-9.5, 
9.6-9.7 and 9.8-9.9 were pooled together and total RNA was isolated using TRI-reagent 
protocol (TR-118, Molecular Research Center, Inc.). Reverse transcription was 
performed on 500ng RNA from each stages using SMART RACE kit (rapid 
amplification of cDNA ends from Clontech, MountainView, CA) and the resulting first-
strand cDNA containing adaptors ligated to the 3` end was used as template for the PCR 
reaction. Genomic DNA from loblolly pine tree 7-56 was a gift from Dr. Daniel Peterson, 
Mississippi Genome Exploration Laboratory (http://www.mgel.msstate.edu/about.htm).  
2.4.3 Molecular cloning of PtKN1 
Using cDNA from late morphogenic stages 5-8 as template, a 500-bp fragment 
was generated using two primers based on the knotted1 Norway spruce sequence (HBK3, 
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AF483278). New primers were designed from this sequence and using RACE experiment 
[202] full length cDNA sequence was obtained. Two gene specific primers 5`-
TTGTAGGTCGCCTGGCCAAAGAGCTGA-3` (outer) and 5`-
TCACCCAAATGCTGGCTGAATGCTGTGA-3` (nested) were designed in the 5` UTR 
and were 107-80 and 65-37 bp upstream of the start codon respectively. These outer and 
nested primers were used with universal primer mix (UPM) and nested universal primer 
(NUP), respectively, to perform 3`RACE for isolation of full length cDNA. PCR mixture 
of 50ul volume containing 2.5µM of each dNTPs, 1X PCR buffer, 1 unit of Advantage 
Taq polymerase, 1µM of the gene specific primer and 1µM of the universal primer mix 
for the outer reaction or 1µM of the nested universal primer for the nested reaction were 
used. 3` RACE reaction was performed with conditions of 94o for 2 minutes; 40 cycles of 
94o for 30 seconds, Tm for 30 seconds and 72o for 2 minute; followed by 72o for 10 
minutes. cDNAs of various size were isolated by 3` RACE. The PCRs were performed in 
Eppendorf thermocycler (Westbury, NY). 
2.4.4 Molecular cloning of KNAT1 spliced forms lacking HD and MEINOX domain 
encoding sequences 
Two gene-specific primers 5`-ACGGCGGCACGGCAAGACTTTGAGGCT-3` 
(outer) and 5`-CCCGGAGTTAGATCAATTCATGGAAGCATAC-3` (nested) were 
designed to an internal region (KNOX domain coding sequence) based on KNAT1 cDNA 
and were 501-528 and 572-603 bp downstream of the start codon, respectively. These 
outer and nested primers were used with universal primer mix (UPM) and nested 
universal primer (NUP) respectively to perform 3` RACE experiment [202] with cDNA 
from Arabidopsis seeds 5 days after fertilization. Partial cDNA sequence of KNAT1 was 
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cloned from which C-terminal sequence of KNOX2, and the entire ELK and HD 
sequences were spliced out. PCR mixture of 50ul volume containing 2.5µM of each 
dNTPs, 1X PCR buffer, 1 unit of Advantage Taq polymerase, 1µM of the gene specific 
primer and 1µM of the universal primer mix for the outer reaction or 1µM of the nested 
universal primer for the nested reaction were used. 3` RACE reaction was performed with 
conditions of 94o for 2 minutes; 40 cycles of 94o for 30 seconds, Tm for 30 seconds and 
72o for 2 minute; followed by 72o for 10 minutes. 
Two gene-specific primers 5`-GAGTCGTCTAGTCGTCTGGATTTGATGTGG-
3` (forward) in the 5`UTR and 5`-TCGTTCGGGGAGTTTGAGACTTCCTAGTCA-3` 
(reverse) in the 3`UTR, were designed and were 140-170 and 133-163 bp upstream of the 
start codon and downstream of the stop codon, respectively. Using cDNA from the same 
tissue, PCR was performed and a KNAT1 sequence was cloned that lacks the entire 
KNOX1 region and partial KNOX2 region. PCR mixture of 50ul volume containing 
2.5µM of each dNTPs, 1X PCR buffer, 1 unit of Advantage Taq polymerase, 1µM of the 
gene specific primer were used. PCR reaction was performed with conditions of 94o for 2 
minutes; 40 cycles of 94o for 30 seconds, Tm for 30 seconds and 72o for 2 minutes; 
followed by 72o for 10 minutes. The PCRs were performed in Eppendorf thermocycler 
(Westbury, NY). 
2.4.5 Semi-quantitative PCR 
Pine 
Using cDNA from different pine embryo stages as template, RT-PCR was 
performed with two gene-specific primers for PtKN1(HD+), PtKN1(hd-) and albumin as 
control.  RNA extraction and cDNA preparation are as mentioned above.  Primers used 
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for the analysis were 5`- AAGACGGAGGGAGGTGGATCTTCGGAGG -3` and 5`-
GTTTTCAGCCGAAGGTTCTTTCTAGCAAT-3` located 895 and 1305 bp downstream 
of start codon respectively for PtKN1(+); 5`-AGGGCCATGGACGATATCGAGGGAT-
3`  and 5`-ACGAACACTAACCTCCCAGCGGTTT-3` located 1081 and 1302 bp 
downstream of the start codon respectively for PtKN1(-) and 5`- 
AGAGATTGTCTGCTTGTCGGGACT -3` and 5`- 
TTCTTCTTCTTCCCTTCCGCGCC-3` located 166 and 376 bp downstream of the start 
codon respectively for albumin. PCR mixture of 50ul volume was prepared as mentioned 
above.  The cycling conditions were 94o for 2 minutes; 30 cycles for PtKN1(hd-) or 35 
cycles for PtKN1(HD+) and albumin of 94o for 30 seconds, Tm for 30 seconds and 72o 
for 1 minute; followed by 72o for 10 minutes. 
Arabidopsis 
For Arabidopsis KNAT1 and its spliced forms, and KNATM-B, RT-PCR was 
performed using cDNA from Day 5 and 10 dpa seeds, rosette leaves and seedlings as 
template. RNA extraction and cDNA preparation are as mentioned above.  Primers used 
for the analysis were 5`- CCCGGAGTTAGATCAATTCATGGAAGCATAC-3` and 5`- 
AGAAAGCAACGAGAGGTTGTTATTATGTGGC-3` located 622-591 bp upstream of 
stop codon and 20-51 bp downstream of start codon respectively for KNAT1(hd-); 5`- 
GAGTCGTCTAGTCGTCTGGATTTGATGTGG-3`  and 5`- 
AGCCACATAATAACAACCTCTCGTTGCTTTCTTGT-3` located 140-170 bp 
upstream of the start codon and 19-54 bp downstream of stop codon respectively for 
KNAT1(knox-); and 5`- TGGATGTGAAGAAAGATGAGAAC-3` and 5`- 
TGACTCGAAGCGTATTGC-3` located at 2nd position of start codon and 100-82 bp 
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upstream of stop codon, respectively, for KNATM-B. PCR mixture of 50ul volume was 
prepared as mentioned above.  The cycling conditions were 94o for 2 minutes; 40 cycles 
for KNAT1(knox-) or 50 cycles for KNAT1(hd-) of 94o for 30 seconds, Tm for 30 
seconds and 72o for 0.5 - 1 minute; followed by 72o for 10 minutes. 
2.4.6 Western blot analysis 
Pine 
Embryos from early stages 1-4, middle stages 5-8, late stages 9.2-9.3, 9.4-9.5, 
9.6-9.7 and 9.8-9.9 were pooled together, homogenized and sample buffer containing 
10% glycerol, 2% SDS, 5% b-mercaptoethanol was added (1ml sample buffer for 0.2 g 
tissue). The samples were boiled for 5 minutes at 95o and then centrifuged at 4o for 5 
minutes at 14000 rpm. The supernatant was used as protein sample for western blotting. 
20ug of each sample was loaded on 4-20% SDS gel from Invitrogen (Carlsbad, CA) and 
run at 200V for an hour. Transfer was done to nitrocellulose membrane overnight at 20V. 
The membrane was then blotted with blocking solution (5% milk), primary antibody and 
secondary antibody for an hour with two rinses and 3 washes of 15, 5 and 5 minutes in 
between. Antibody synthesized using peptide in the N-terminal region of the protein 
sequence that is common to PtKN1(HD+) and PtKN1(hd-) forms was used. The antibody 
was synthesized by Genscript Corporation (Piscataway, NJ) and the peptide sequence 
used to generate them is 15 amino acids in length. Goat anti-rabbit IgG was used as 
secondary antibody. Bands were detected using NBT-BCIP color-substrate detection and 
sizes were determined using Kaleidoscope precision plus protein marker from Biorad 
(Herculus, CA).  
Arabidopsis 
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Western blotting for KNAT1 and its spliced forms was performed using 
commercial polyclonal antibody (Santa Cruz biotechnology, Santa Cruz, CA). KNAT1 
Antibody sc-19217, is raised against a 20 amino acid peptide antigen mapping between 
aa# 350-400 of AAM03027.1 (Santa Cruz Biotechnology, pers. comm K. Griffin).  
KNAT1 Antibody sc-19215, which is raised against a 20 amino acid peptide antigen 
mapping to the C-terminal of KNAT1, between aa# 150-200 of NP_192555.1 (Santa 
Cruz Biotechnology, pers.comm K. Griffin). The epitope was raised against KNAT1 
protein that binds to the internal sequence. Total protein from Arabidopsis rosette leaves 
and seedlings was isolated, run on SDS-page and analyzed by Western blotting the using 
same protocol. 
2.4.7 Quantification of sq-pcr and western blotting images 
Equal amounts of PCR products were separated by gel electrophoresis and 
Ethidium Bromide-stained bands were visualized. Images were collected by a 
Monochrome CCD Camera (Hitachi KP-M1U). The digital images of gels for spPCR and 
Western blots for proteins were quantified using ImageJ software 
(http://rsbweb.nih.gov/ij/) from NIH. The region of the band was selected across all the 
lanes and was plotted. The peaks for each lane were measured and the numbers were used 
to make bar charts in Microsoft excel. The background value was subtracted from the 
band intensity value to get an accurate reading. For Normalization, the signal intensity of 
albumin band at each stage was used; the intensity of the albumin band in one stage was 
selected as the norm and the values for albumin for other stages were brought to same 
level (‘100%’). The multiplication factor needed to bring albumin for that stage up to 
100% was then used to multiply the values for HD+ and hd- forms for that stage. The 
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normalized numbers for all the signals were then plotted. For western blotting, a 
blank/smear region of the image (where there are no bands) was used as control and same 
procedure was used for normalization. 
2.4.8 DNA purification, Cloning and Sequencing 
The PCR products were run on 1.5% agarose gel to determine their size and were 
purified using QIAquick kit from Qiagen (Valencia, CA) and the resulting products were 
cloned into a pGEM-T Easy vector system from Promega (Madison, WI). The product 
sizes were confirmed by running colony PCR. Selected colonies were grown in bacterial 
culture and plasmids were purified using the Wizard SV minprep kit from Promega 
(Madison, WI), sequenced and analyzed.  
2.4.9 Cloning of the Knotted1 gene 
7.7 kb genomic sequence of PtKN1(HD+/hd-) gene was isolated by using a 
combination of PCR and genomic walk and 50 kb genomic DNA which was obtained 
from Dr. Daniel Peterson (Mississippi State University). Primers used and their positions 
are shown in the supplementary data table A.1 and Figure A.5. Each PCR mixture of 50ul 
volume contained 2.5µM of each dNTPs, 2µM of each primer, 1X PCR buffer and 1 unit 
of Advantage cDNA PCR mix and was performed in the Eppendorf thermocycler. PCR 
conditions used were 94o for 2 minutes, followed by 35-40 cycles of 95o for 30 seconds, 
Tmo for 30 seconds and 68o for 2-5 minutes, followed by 68o   for 10 minutes. 
2.4.10 Alignments 
Clustal W and BOXSHADE programs from Biology Workbench were used for 
alignment and viewing. (http://workbench.sdsc.edu/). For all the supplementary figure 
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alignments (shown in Appendix A), the nucleotide alignments is not shown for whole 
sequence, are shown only for significant regions covering the splice.  
2.4.11 Accession Numbers 
The GenBank accession numbers of sequences referred to or used in alignments 
in this study are: Arabidopsis KNAT1 mRNA - NM_116884 and KNAT1 gene - 
NC_003075.4, picea abies HBK3 -AF483278, maize RS1 - NM_001111861.1, RS1 
splice form that lacks partial ELK domain and the HD - DY236300.1, rice OSH1 mRNA 
- D16507.1, OSH1 spliced forms that lack partial KNOX1 domain - AK107637.1 and 




PtKN1 PROMOTER ANALYSIS 
 
3.1 Introduction 
A suite of genes is required for correct embryo development, but alteration in a 
single gene can have profound effects on development. Very different morphologies, life 
cycles and characteristics of plants can be explained by the difference in expression of 
regulatory genes which are mostly caused by mutations in promoters and enhancers 
[184]. Various mutational studies have shown that plant class I KNOX genes play an 
important role in regulating meristem function. Their loss or gain of function mutation 
can affect overall plant height, leaf shape, meristem development and floral development. 
[44, 48, 53-56, 59-68]. And therefore KNOX genes are important and could provide clues 
to embryo development in gymnosperms and angiosperms. 
I have cloned cDNAs corresponding to a homeobox gene, knotted1 from Loblolly 
pine (referred to as PtKN1(HD+)) and in addition have found a novel form which the 
lacks important domains ELK and HD (referred to as PtKN1(hd-)) (Chapter 2, Sheth and 
Cairney, submitted). I have shown that both forms are product of a single PtKN1 gene 
and I have shown the expression patterns of these cDNAs and their proteins over the 
course of pine embryo development. Some questions important to the understanding of 
the functions of PtKN1 are, when and where is it expressed, how is its expression 
regulated i.e. what transcription factors bind to regulate its activity? KNAT1 is a single 
gene in Arabidopsis but multiple gene copies are common in pine. Are all PtKN1 genes 
regulated in identical fashion or are some copies only expressed in certain tissue or at 
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specific stages of development. Isolation of promoter and identification of regulatory 
elements is a step towards answering these questions. In this study, I have isolated its 
promoter region by genome-walking technique, (Clontech, Palo Allo, CA) and identified 
the 5` end of the transcript using 5` RACE technique. I have compared PtKN1 promoter 
sequence to promoters of KNAT1-like genes from other species; by a method called 
phylogenetic footprinting, which is comparison of conserved regions among orthologous 
regulatory sequence that are thought to be of functional importance [203-206]. The 
presence or absence of cis-regulatory elements in PtKN1 promoter and its orthologous 
sequences, their position and number of occurrence was determined in an attempt to 
understand PtKN1 regulation and function. 
3.2 Materials and Methods 
3.2.1 Cloning of the Knotted1 promoter 
To clone the promoter region of PtKN1 gene, the genome walker kit from 
Clontech (Palo Allo, CA) was used and 5` genomic walk was performed. Four genomic 
libraries were made from pine genomic DNA that was cut using four different restriction 
enzymes EcoRV, DraI, PvuII and SspI and then ligated to adaptor sequences. Two gene 
specific primers 5`-TTGATCGAGTTCTGGGTCCATTCC-3` (outer) and 5`-
GCGAAGACGAGGCTTGTGCAGCTGCTGT-3` (nested) were designed in the ORF 
and were located at 672-696 bp and 15-43 bp downstream of the start codon. Two rounds 
of PCRs were performed using adaptor primers (AP1 or AP2) which bind to the adaptor 
sequences with outer or inner gene specific primers, respectively. The genomic libraries 
were used as template for 1st PCR and the products obtained were used for nested PCR. 
Each PCR mixture of 50ul volume contained 2.5µM of each dNTPs, 1µM of each primer, 
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1X PCR buffer and 1 unit of Advantage cDNA PCR mix. PCR conditions used were 7 
cycles (for 1st PCR) or 5 cycles (for 2nd PCR) of 94o for 25 seconds followed by 72o for 4 
minutes and  32 cycles (for 1st PCR) or 22 cycles (for 2nd PCR) of 94o for 25 seconds 
followed by Tm for 4 minutes and additional 67o for 4 minutes after the final cycle. The 
PCRs were performed in Eppendorf thermocycler. Once the product was sequenced new 
primers were designed to walk further upstream to get more promoter sequence and using 
same PCR reaction mix and conditions more sequence was obtained. The sequence of the 
new primers are 5`- AGCCAAATAGTTAGTGTGACGTTGGT -3` (outer) and 5`- 
GAAATCACTTCTCCTTCTTCTTCCA -3` (nested) and they were 197bp and 35bp 
from the end of the 5` upstream sequence obtained from the 1st walk. 
3.2.2 5` RACE 
 Two gene-specific primers 5`- 
ACTCCCTATCCTCTACTGCATGGTGATCCACTTCCTG -3` (outer) and 5`- 
TCACCACCACTGCCGTTCTCGACTTCCTCCGA -3` (nested) that are specific to 
PtKN1(HD+) and 5`- GCGATGAATACGAACACTAACCTCCCAGCGGTTTCCTG -
3` (outer) and 5`- CCTGTAAGCCCCTTCGACCTGGATATTTAGTACTGGG -3` 
(nested) that are specific to PtKN1(hd-) were designed.  The primers in order were 388-
420bp and 341-378 bp upstream of the stop codon and 343-381bp, 347-310bp 
downstream of the stop codon, respectively. These outer and nested primers were used 
with universal primer mix (UPM) and nested universal primer (NUP), respectively, to 
perform 5`RACE to determine the TSS of the PtKN1 cDNAs. PCR mixture of 50ul 
volume containing 2.5µM of each dNTPs, 1X PCR buffer, 1 unit of Advantage Taq 
polymerase, 1µM of the gene-specific primer and 1 µM of the universal primer mix for 
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the outer reaction or 1µM of the nested universal primer for the nested reaction were 
used. 3` RACE reaction was performed with conditions of 94o for 2 minutes; 40 cycles of 
94o for 30 seconds, Tm for 30 seconds and 72o for 2 minutes; followed by 72o for 10 
minutes. The PCRs were performed in an Eppendorf thermocycler. 
3.2.3 DNA purification, Cloning and Sequencing 
The PCR products were run on 1.5% agarose gel to determine their size and were 
purified using QIAquick kit from Qiagen (Valencia, CA) and the resulting products were 
cloned into a pGEM-T Easy vector system from Promega (Madison, WI). The product 
sizes were confirmed by running colony PCR. Selected colonies were grown in bacterial 
culture and plasmids were purified using the Wizard SV minprep kit from Promega 
(Madison,WI), sequenced and analyzed. 
3.2.4 KNAT1-like promoter orthologs 
KNAT1-like orthologous promoter sequences were obtained from the NCBI 
database. Upstream of the translational start site, 1488 bp of Picea glauca KN2 promoter 
sequence [96], 2006bp of Arabidopsis thaliana KNAT1 promoter sequence [60], 2143 bp 
of Cardamine hirsuita BP promoter sequence [207], 1820bp of Zea mays KN1 promoter 
sequence [208] and 1828bp of Triticum aestivum wknox1d promoter sequence [209] 
were used. 
3.2.5 Comparison of PtKN1 promoter to orthologous KNAT1-like promoters 
Since the TSS for PtKN1(hd-) was very close to the translational start site (see 
section 3.3.2) and the TSS for all promoters was not known the comparison was made 
from the translation start site. Promoters were  analyzed using FOOTPRINTER [210] 
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(http://genome.cs.mcgill.ca/cgi-bin/FootPrinter3.0/FootPrinterInput2.pl). This program 
takes multiple sequences as input and looks for regions of functional conservation 
amongst them based on phylogenetic relationship. It conducts a conserved motif search 
that can be 6-12 bp long, and allows for 0-6 bp mutation in the motif. It also allows for 
motif loss and also inversion. This gives liberty of finding motifs that are only present in 
common amongst all sequences or are species specific but not all thus allow determining 
the evolutionary distance among the KNAT1-like promoters. I searched for motif size 
that were 10 bp long allowing 2 mutations in the motifs. 
3.2.6 Identification of regulatory motifs from known database 
With the help of a motif comparison program called STAMP, the conserved 
motifs identified by footprinter were searched against PLACE database, a database of 
known regulatory motifs [211, 212]  (http://www.benoslab.pitt.edu/stamp/). 
3.2.7 Regulatory motif search using known database 
Putative cis-regulatory elements were identified in the PtKN1 promoter using 
Plant-CARE (Plant cis-acting regulatory elements) [213] 
(http://sphinx.rug.ac.be:8080/PlantCARE/index.html) and PLACE (A database of Plant 
cis-acting regulatory DNA elements) [214] (http://www.dna.affrc.go.jp/htdocs/PLACE) 
databases. A selected number of motifs found from these databases were used for 
comparison of PtKN1 promoter to its orthologous promoters as mentioned above. The 
presence or absence of these motifs in other KNAT1-like promoters, their position and 
number of occurrence was determined. 
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3.3 Results and Discussion 
3.3 1 Cloning of PtKN1 gene promoter 
 I have isolated and characterized Knotted1 transciption factor PtKN1(HD+) and its 
HD-lacking spliced form, PtKN1(hd-) in loblolly pine (Chapter 2, Sheth and Cairney, 
submitted). Some questions important to the understanding of the functions of PtKN1 are, 
when and where is it expressed, how is its expression regulated i.e. what transcription 
factors bind to regulate its activity? Isolation of promoter and identification regulatory 
elements is a step towards answering these questions. I employed the genome walk 
technique to isolate the promoter sequence for PtKN1 gene using primers in the ORF 
(Figure 3.1A) in combination with an adapter primer (AP1 or AP2) provided with the kit. 
Sixteen individual clones about ~1000bp in length were isolated (Figure 3.1B). All 16 
clones were nearly identical in sequence. Taking one clone as a reference we observed 
between 0 and 8 nucleotide differences over 1.0kb. These differences are random, most 
likely due to sequencing error. New primers were designed at the end of this clone to 
walk further upstream to get more sequence (Figure 3.1A). Eight individual overlapping 
clones about ~800bp in length were isolated (Figure 3.1C). After making contig of the 
sequences from both walks, a total of 1730 bp sequence upstream of the start codon was 
obtained. The sequence of eight independent genomic clones representing sequence 1236 
– 1669 bp upstream of the putative TSS (see section 3.3.2) were nearly identical.  The 
lack of sequence heterogeneity within 1,730 bp of PtKN1 promoter sequence is 



























































































































Figure 3.1: Promoter isolation by genomic walk.  
(A) Primers locations for promoter isolation. KMR2 and K5U were used for first walk 
which bind to both PtKN1(HD+) and PtKN1(hd-) transcripts. 5GWO and 5GWI were 
designed at the end of new sequence obtained from 1st walk to perform 2nd walk.  
PCRs were performed using genomic libraries digested with enzymes EcoRV, DraI, 
PvuII and SspI and products were run on gel. 
(B) Gel picture for 1
st
 genomic walk. Products of SspI library were cloned and 
sequenced. (HC is the human control). 16 clones with nearly identical 1000bp sequence 
were obtained. 
(C) Gel picture for 2nd genomic walk. Products of EcoRV and PvuII libraries were 
cloned and sequenced. 8 clones with nearly identical 800bp sequence were obtained. 
After making contig of the sequences from both walks, a total of 1730bp sequence was 
obtained upstream of the start codon. 
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3.3.2 Identification of transcription start site 
 The TSS was determined using 5` RACE. Reverse primers that will bind only to 
PtKN1(HD+) or PtKN1(hd-) form were designed based on the sequence of their cDNAs 
and were used in combination with two adapter primers (UPM – outer PCR and NUP – 
nested PCR) provided with the kit (Figure 3.2A). The products of outer PCR were used 
as template for nested PCR. Since the products from 1st PCR were cleaner they were 
cloned and sequenced. Multiple individual clones were sequenced for each form to 
confirm the end of the transcript. Two different start sites were identified for 
PtKN1(HD+) and a single start site was identified for PtKN1(hd-). The TSS of 3 
independent PtKN1(HD+) clones was 494 bp upstream of the translational start site and 
of 2 independent clones was 343 bp upstream of the translational start site.  The TSS of 4 
independent PtKN1(hd-) clones was 61 bp upstream of the translational start site. The 
positions of the transcriptional start site relative to the translational start site are shown on 
a bar which represents the 1730bp promoter (Figure 3.2B).  A TATA box at position -23 
and a CAAT box at -114 were found for PtKN1(HD+) with TSS at 494 bp upstream of 
start. No TATA box or CAAT box were found for PtKN1(HD+) with TSS at 343 bp  
upstream of the start codon suggesting that like the TATA box lacking promoters, it may 
utilize the initiator element to initiate transcription from this site. Alternatively the TSS at 
position 494 would be the preferred start for PtKN1(HD+) transcript. A TATA box at 
position -35 and a CAAT box at -129 were found for PtKN1(hd-) with TSS at 61 bp 

















Figure 3.2: Determine the transcription start site of PtKN1 transcripts. 
(A) 5` RACE was used to determine the start site. Location of gene-specific primers 
that bind to either PtKN1(HD+) or PtKN1(hd-) sequences are shown in 2A. In 
combination with adaptor primers UPM and NUP which are present at the end of 
transcripts, 5` RACE was performed to determine the end of HD+ and hd- transcripts. 
(B) Bar represents the 1730 bp PtKN1 promoter sequence. Green star represents the 
translational start site which is same for both the transcripts and is considered as position 
0. A single TSS was isolated for hd- transcript and two different sites were isolated for 
HD+ transcript. The pink circle represents the TSS for PtKN1(hd-) transcript which is 
located 61 bp upstream of the start codon; and the purple inverted triangle represents the 
TSS for PtKN1(HD+) transcript which are located 343 and 494 bp upstream of the start 
site. The numbers below the bar represent their positions relative to the start codon. 
TATA and CAAT boxes were identified for the hd- TSS and for the HD+ TSS at position 
494, but not for the HD+ TSS at position 343. Number of triangles and circles represent 
number of independent clones for that particular start site. 
 
 
Recent studies on some mouse and human promoters have shown that the TSS 
within core promoter varies among different tissues. This was explained to be due to 
differential CpG methylation, promoter structure and impriniting that affect the 
transcription machinery [215, 216].  Since the TSSs for PtKN1(HD+) and PtKN1(hd-) 
are different cell or tissue specific gene regulation is a possibility. Alternative start site 
usage has been shown to produce alternatively spliced products [216]. The human c-myc 
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gene has two different promoters and transcripts originating from these have different 
termination sites [217]. Likewise, the human MID1 gene employs multiple promoters and 
multiple polyadenylation sites. The point at which transcripts are cleaved and 
polyadenylated seems to be determined by which promoter was used [218]. The Human 
Pur family proteins are involved in both DNA and RNA metabolism. The PURG gene is 
normally expressed via a single exon gene from multiple promoters producing the 
PURG-A mRNA with a 5’UTR of up to 1200 nt, an open reading frame of around 1000 
nt and a 3’UTR of about 900bp. A novel mRNA, PURG-B was recently isolated that is 
produced by read-through of the termination / polyadenlyation signal to produce a very 
lengthy transcript from which a 30kb intron is then removed to produce a novel PURG 
protein [219]. The mechanism has not been elucidated but the parallels with PtKN1 are 
clear.  
The production of mRNAs which have extended 5’UTRs could, in theory, be 
achieved by using multiple promoters and a single cleavage/termination site. However it 
has been observed that when multiple promoters are employed, termination occurs at 
several sites and that initiation of transcription at one particular site will always be 
followed by termination at only one of these sites. This indicates some level of regulation 
proceeding from the chosen initiation site which dictates the position at which the 
transcript will terminate. A further level of complexity occurs with PtKN1 where read-
through of a transcription termination signal and additional splicing  of one of the mRNA 
are associated with the choice of promoter The 5’UTR of PtKN1 contains binding sites 
for three different SM protein/snRNP proteins involved in RNA processing (Fig 3.3A) 
[220].  Commencing transcription at 494, 343 or 61 nucleotides upstream of the 
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translational start site produces transcripts which contain different numbers of these 
motifs. The number of mRNAs ending at each site, while a small sample, suggest that the 
494 and 61 transcripts are most abundant. All the SM protein binding sites would be 
present in the transcript starting at 494 nt upstream of the AUG, two would present in the 
343 transcript and only the GGUUUGA motif would be present in the transcript starting 
at 61 nt upstream of the AUG. The HD+ mRNA appears to commence 494 nucleotide 
upstream of the AUG, thus the HD+ mRNA contains two regulatory motifs which are 
absent from the 61 mRNA. This implies that HD+ mRNA may be controlled by 
regulatory mechanisms which would not regulate the 61 mRNA. The inclusion of binding 
sites for splicing proteins in the 5UTR of the longer more extensively spliced RNA 
suggests a role for the additional sequence in 494 transcripts. 
Transcription termination can be effected by U-rich regions in the mRNA but 
these lie normally in the 3’UTR. Coupling promoter choice to site of transcription 
termination could in theory be achieved by a protein which recognizes sequences specific 
to a particular promoter and can associate with RNA polymerase II.  Upon transcription 
(regulated by a different system?) this protein would bind to motifs in the nascent RNA 
and quickly associate with the polymerase. Termination could be achieved when a 
specific termination site associated with that promoter was recognized. Sequences that 
are present in both promoter and termination site might be a suitable shared signals. 
Intriguingly, two slightly degenerate copies of the 5’UTR SM binding sites motifs are 
present within 6 nucleotides of one another in intron 3, approximately 450nt beyond the 
3’end of the hd-mRNA. These intron 3 motifs are almost identical to those in the 5’UTR; 
AgTTTTGTgG compared to AATTTTGTAG in the 5’UTR and tATTTTGA compared to 
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GATTTTGA in the 5’UTR (Figure 3.3B). The two 5’UTR SM binding motifs are present 
only in the 494 transcript which is produced by the promoter used for the HD+ mRNA. 
Similarly, 343 transcripts, which produce an HD+ transcript, contain one of these motifs. 
Production of HD+ mRNA requires read-through of the termination/polyadenylation 
signal within exon 3. The exclusive association of these two 5’UTR motifs with the HD+ 
transcripts and the location, within exon 3, in a region close to the end of the hd- 
transcript, of very similar motifs, links the 5’UTR to the site of transcript termination. 
The role of the exon 3 motifs could be determined by mutation, removal, substitution or 
alteration of spacing, in each case one could then determine the effect of these changes 
upon the quantity of HD+ transcript produced. 
Formation of stem-loop structure could control the HD+ or hd- formation. Once 
transcription initiates at position -61 and while elongation occurs, a terminator protein 
could bind the DNA and follow the RNA polymerase causing termination in the intron 3 
thus producing the hd- transcript. Alternatively if transcription initiates at position -494 
stem-loop structure would form in this region blocking the site for terminator protein to 
bind. This would allow the RNA polymerase to continue transcribing till the end to 
produce the HD+ transcript. Interestingly, the human c-myc gene has two different 
promoters and transcripts originating from these have different termination sites [216].  
Putative stem-loop structure formations in the promoter region were determined using 
























Figure 3.3 Transcription start sites in the promoter region and protein binding sites 
and stem-loop structures possibly involved in regulation. 
(A) PtKN1 Transcription Start Sites. The three TSS used in the PtKN1 promoter are 
situated 494, 343 and 61 nucleotides upstream of the translation start site. The first 10 
nucleotides of each of the transcripts are in boldface and underlined. Binding sites for 
three SM sites/small ribonucleoprotein (snRNP) are shown in red, blue and green. The 
343 TSS corresponds exactly to the 5’end of the second SM binding site, thus the TSS of 
the transcript begins GATT.  
(B) Protein binding site in intron 3. The sequence shown is 440 to 447 nt end of the hd- 
mRNA in intron 3. 
(C) Stem-loop formation of promoter sequence. The stems of the putative ‘stem-loop’ 
structure highlighted in yellow box in the figure are shown in yellow with arrows below 
the sequence showing their orientation. The first 10 nucleotides of the stem loop structure 
84 to 94 nt upstream of the ATG are highlighted in turquoise. 
 
3.3.3 KNAT1-like Promoter analysis by phylogenetic footprinting 
Phylogenetic footprinting involves comparison of conserved regions among 
orthologous regulatory sequence that are thought to be of functional importance [203-
206]. Identifying the regulatory motifs by comparing the promoter sequence of KNAT1-
like genes from different species will help in identification of conserved expression 
pattern [204]. Within conifers, paralogs of KNAT1-like genes have been identified as 
KN2, KN3 and KN4 and their divergence is suggested to have occurred before the split 
between Pinus and Picea. Promoter sequence of PgKN2 (Picea glauca KN2 - 
DQ259458) was found from NCBI database by blasting the PtKN1 promoter sequence. It 
has been suggested that KN1 and KN2 share more or less complete functional 
redundancy based on their position on the same linakge group being close and significant 
directional selection between them [96]. Hence, comparison of the promoter sequence of 
PtKN1 and PgKN2 will be helpful in determining regions of regulatory importance. In 
addition, various other promoters, such as Arabidopsis thaliana KNAT1 promoter 
sequence (AJ131822) [60], Cardamine hirsuita BP promoter sequence (DQ526379) 
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[207] which are dicotyledonous angiosperms Zea mays KN1 promoter sequence 
(AY312169) [208] Triticum aestivum wknox1d promoter sequence (AB182945) [209], 
which are monocotyledonous angiosperms, were used in the analysis. Promoters were  
analyzed using FOOTPRINTER [210]; http://genome.cs.mcgill.ca/cgi-
bin/FootPrinter3.0/FootPrinterInput2.pl). This program takes multiple sequences as input 
and looks for regions of functional conservation amongst them based on phylogenetic 
relationship. I chose the word size of ten for motif search in order to avoid too many false 
positives when searching for smaller words. Two mutations were allowed in the 10bp 
motif. Programs such as FOOTPRINTER identify 50 or more motifs in any given 
sequence. To refine the search, I chose motifs that have been functionally characterized 
in other plants and/or are responsive to signals that are know to regulate knox genes. 
Several conserved regions, the regions of functional importance, were identified in these 
promoters (Figure 3.4). The sequence of these motifs searched against a database PLACE 
known regulatory motifs using a motif comparison program called STAMP [211, 212]  
(http://www.benoslab.pitt.edu/stamp/). The similarity of these motif sequences found by 
footprinter database to the cis-regulatory motifs found from PLACE database, their 
sequence and function are described in table 3.1. Cis-regulatory elements such as 
ethylene response element, element for endosperm expression, sugar response element, 
auxin response element, light response element were found in all KNAT1-like promoters. 
Cis-regulatory elements such as those found in anaerobic genes, element for root 
expression and poly a signal were found in pine, picea, Arabidopsis and cardamine 
KNAT1-like promoters and cis-regulatory elements such as WRKY transcription factor 
binding site, ABA response element, organ specific expression element, HD-ZIP 
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transcription factor binding site, pathogenesis related expression elements were found in 
maize and wheat KNAT1-like promoters. Many of these motifs were also found when 
searching for cis-regulatory elements in PtKN1 promoter. In general, promoters of maize 
and wheat have same motifs and promoters of pine, picea, Arabidopsis and cardamine 




Figure 3.4: Promoter analysis by phylogenetic footprinting using footprinter program. 
Phylogenetic footprinting involves looking for regions of functional conservation among related sequences. Promoter sequences from 
KNAT1 like genes were obtained from different species. Search was performed with word size 10, allowing 2 mutations.  
The motifs are discussed with the same color coding in the next table.  











Table 3.1: Conserved regions found by footprinter in KNAT1-like promoters could be potential regulatory motifs. 
The motifs found using footprinter program were searched against PLACE database for known regulatory motifs using STAMP motif 




motif PLACE motif PLACE TFBS E value Function 
 ATTGAAATAW  ATTGAAATAW  ERELEE4 2.23E-07 ethylene responsive element 
 CTCTCTCCAA  TTGGAGAGAG  CTRMCAMV35S 9.86E-08 Can enhance gene expression 
 
AGCCTATGRR  AGCCTATGRR  Minus284MOTIFZMSBE1 4.04E-04 







consensus sequence overrepresented in 
pathogenesis related gene 





ANAERO5CONSENSUS 4.93E-07 motif found in anaerobic genes 
 ACTGTCTCTC  GAGAGACAGT  ARFAT 2.51E-08 auxin response factor 
 TSAAATATWT  TCAAATATWT LECPLEACS2 4.68E-07 core element in Lecp binding cis-element  
 AAGAACTTCA  TGAAGTTCTT YREGIONNTPRB1B 3.37E-09 required for ethylene induction 
 CTCTAATGAT  ATCATTAGAG  HDZIP2ATATHB2 1.94E-06 binding site of Arabidopsis homeobox gene 












TELOBOXATEEF1AA1 3.62E-07 required for expression in root primordial 
 
AAGTTCAAAG  AAGTTCAAAG  BOX1PVCHS15 2.43E-07 




motif PLACE motif PLACE TFBS E value Function 
 TGAAATAARA TGAAATAAGW TATABOX5 2.51E-08 TATA box 
 
TTTGSTKTTT  AAAAASCAAA  AGTACSAO 1.23E-07 
AGTA repeat binding protein binding site – 
silencing 
 CAAACCCTTT  AAAGGGTTTG  ELRE1PCPAL1 7.10E-10 light responsive element 
 TCTAATGATA  TCTAATGATA  GLUTEBOX1OSGT2 1.29E-06 for endosperm expression 
 GAGCTCGATC  GAGCTCGATC  NONAMERATH4 6.71E-05 nonamer motif 






uv-b and protoplastization responsive 
element 
 CACCTCAAGC  GCTTGAGGTG  SBOXATRBCS 1.13E-07 sugar and ABA responsive element 




3.3.4 In silico PtKN1 promoter analysis - Several cis-regulatory elements are found 
in KNAT1-like promoters 
Putative cis-regulatory elements that could play a role in regulation of the PtKN1 
gene were identified by bioinformatics approaches using Plant-CARE [213] 
(http://sphinx.rug.ac.be:8080/PlantCARE/index.html) and PLACE [214] 
(http://www.dna.affrc.go.jp/htdocs/PLACE) databases. The cis-regulatory elements found 
in PtKN1 promoter sequence and their functions are described in table 3.2 and table 3.3 
for PLACE and PLANTCARE database respectively. Several cis-regulatory elements 
involved in light response, response to several hormones, several transcription factor 
binding sites, organ specific expression elements etc. were found in PtKN1 the promoter. 
Since a number of false positive motifs are generated in the analysis, phylogenetic 
footprinting was performed to eliminate them. I chose a few to compare them to the other 
KNAT1-like promoters mentioned above. Individual KNAT1-like promoter sequences 
were searched for the presence of these motifs; the presence or absence of these motifs in 
other KNAT1-like promoters, their position and number of occurrence was determined in 
an attempt to understand PtKN1 regulation and function. I made bar diagrams with those 
regulatory elements marked at their position relative to the length of promoter (Figure 
3.5). The sequence and function of the motifs and the color codes used are described in 
table 3.5. 
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Table 3.2: Regulatory motifs found in PtKN1 promoter using PLACE database. 
Several cis acting regulatory motifs and transcription factor binding sites were found in PtKN1 promoter when the sequence was 
searched against PLACE database. Their sequence and function are described in the table. 
 
 
Motif name Motif sequence Function 
Place   
CGCGBOXAT VCGCGB recognized by signal-responsive genes 
ASF1MOTIFCAMV TGACG 
biotic/abiotic stress/auxin/Salicylic acid/Light induced 
regulation 
WRKY71OS TGAC transcriptional repression of GA signaling pathway 
SV40COREENHAN GTGGWWHG SV40 core enhancer 
PRECONSCRHSP70A SCGAYNR(N)15D plastid response element in hsp promoters 
ABRELATERD1 ACGTG ABRE sequence required for induced expression of erd1 
ACGTOSGLUB1 GTACGTG endosperm specific expression 
ACGTATERD1 ACGT Etiolation-induced expression of erd1 
CURECORECR GTAC copper response element 
EBOXBNNAPA CANNTG bHLH factor binding site 
MYCCONSENSUSAT CANNTG myc TF binding site in response to dehydration 
CACGTGMOTIF CACGTG light induced regulation (G box) 
RHERPATEXPA7 KCACGW root hair-specific regulatory element 
GTGANTG10 GTGA pollen specific expression 
AMYBOX1 TAACARA GA responsive element 
GARE1OSREP1 TAACAGA GA responsive element 
ARR1AT NGATT binding site for cytokinin-regulated TF 
POLASIG1 AATAAA polyadenylation signal 
CACTFTPPCA1 YACT mesophyll-specific gene expression 
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Motif name Motif sequence Function 
DOFCOREZM AAAG binding site for Dof proteins 
SORLIP1AT GCCAC light induced regulation 
TATABOX5 TTATTT TATA box 
GT1CONSENSUS GRWAAW light induced regulation 
EECCRCAH1 GANTTNC (enhancer element) CO2 responsive, myb TF binding site 
CIACADIANLELHC CAANNNNATC circadian control of gene expression 
TBOXATGAPB ACTTTG light induced regulation 
WBOXNTERF3 TGACY transcriptional repression in response to wounding 
SITEIIATCYTC TGGGCY meristem and anther specific expression 
SORLIP2AT GGGCC light induced regulation 
CAATBOX1 CAAT CAAT box 
MYCATRD22 CACATG myc TF binding site in response to dehydration 
MYCATERD1 CATGTG myc TF binding site in necessary for erd1 expression 
PYRIMIDINEBOXOSRAMY1A CCTTTT pyrimidine box - GA induced response 
MYBCOREATCYCB1 AACGG myb TF binding site 
RAV1AAT CAACA RAV1 TF binding site 
INRNTPSADB YTCANTYY initiator element 
CATATGGMSAUR CATATG auxin response element 
NODCON2GM CTCTT nodulin consensus sequence 
OSE2ROOTNODULE CTCTT organ specific expression 
ROOTMOTIFTAPOX1 ATATT root specific expression 
GT1GMSCAM4 GAAAAA pathogen and salt induced gene expression 





Table 3.3: Regulatory motifs found in PtKN1 promoter using PLANTCARE database. 
Several cis acting regulatory motifs and transcription factor binding sites were found in PtKN1 promoter when the sequence was 
searched against PLANTCARE database. Their sequence and function are described in the table. 
 
 
Motif name Motif sequence Function 
PlantCARE    
 CCGTCC box CCGTCC 
cis acting regulatory element related to meristem specific 
activation 
 ABRE TACGTG, CACGTG Abscisic acid response element 
 ARE TGGTTT cis acting regulatory element essential for anaerobic induction 
 CGTCA motif CGTCA MeJA responsiveness 
 G box  CACGTA, TACGTG  cis acting regulatory element involved in light responsiveness 
 GC motif  CCCCCG  enhancer-like element involved in anoxic specific inducibility 
 GCN4 motif  TGTGTCA  cis-regulatory element involved in endosperm expression 
 I box GATATGG  part of a light responsive element 
 Skn1 motif GTCAT  
cis-acting regulatory element required for endosperm 
expression 
 Unnamed 1, 3 CGTGG  not known 
 Unnamed 4 CTCC  not known 
 AAGAA motif GAAAGAA  not known 
 GATA motif  AAGAATAAGG  part of a light responsive element 
 GC motif  CCCCCG  enhancer-like element involved in anoxic specific inducibility 
 TCA element  AAGAAGAATAA  cis-acting element involved in salicylic acid responsiveness 
 Unnamed 2 CCCCGG  not known 
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Motif name Motif sequence Function 
BoxI TTTCAAA light responsiveness 
ERE ATTTCAAA ethylene responsive element 
GARE motif TCTGTTG GA responsive element 
MBS TAACTG MYB binding site involved in drought inducibility 
O2-site GATGAAATGG 
cis-acting regulatory element involved in zein metabolism 
regulation 
TC-rich repeats ATTTTTTTCA 
cis-acting element involved in defense and stress 
responsiveness 







Figure 3.5: Regulatory motif search in KNAT1-like promoters from different 
species. 
KNAT1-like promoter sequences from different species as mentioned in text were used in 
the analysis and of regulatory motifs were searched for using PLACE and PLANTCARE 
databases. The presence and position and number of occurrence of a selected number of 





    Motif  Function 
   BIHDOS1  BELL HD transcription factor binding site 
   ABRE  Abscissic acid response element 
   GARE  GA responsive element 
   ARE  Cis-acting regulatory element essential for anaerobic expression 
   Pyrimidine box  GA induced response 
   GAG  Part of light responsive element 
   SORLIP1AT  Light induced regulation 
   ASF1MOTIFCAMV  Biotic / Abiotic stress / Auxin/Salicylic acid / Light induced regulation 
   ATG  Start codon 
 
Table 3.4: Regulatory motifs found in KNAT1-like promoters. 
The colored boxes in Figure 3.4 are described in this table. 
 
PtKN1 - Pine 
PgKN2 – Picea 
Wknox1d - Wheat 
KN1 - Maize  
KNAT1 - Arabidopsis 
BP - Cardamine 
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3.3.4.1 BIHD1OS site (TGTCA)  
OsBIHD1 is a rice BELL HD transcription factor and is been shown to bind 
TGTCA sequence which is the characteristic cis-element DNA sequence of the HD 
transcription factor [222]. It is known that dimerization of BELL and KNOX is required 
for their function. It is possible that expression of some KNOX genes may be regulated 
by BELL transcription factors; and then upon activation when KNOX proteins are 
formed they dimerize with the same or different BELL proteins to regulate the expression 
of target gene. Two to four TGTCA binding sites were found in all the KNAT1-like 
promoters used in this study, except for in wheat wknox1. It is possible that the element 
is present in further upstream in the wknox1 promoter or it has some change in the 
binding site which is not recognized in the analysis. 
3.3.4.2 ABRE (Abscisic acid response element; TACGTG, CACGTG)  
ABRE is a cis-acting elements function in ABA-responsive gene expression under 
water-stress and seed desiccation conditions. ABA activates bZIP proteins to bind to 
ABRE sites and initiate transcription of ABA-inducible genes [223]. Under the influence 
of ABA, MYC and MYB transcription factors which are bZIP family proteins, activate 
transcription of dehydration responsive gene [224]. ABA levels in plants are also shown 
to be regulated by knox genes [153]; and in addition, AS1 (asymmetric leaves1) is a 
MYB encoding protein and has been shown to down regulate the expression of class I 
knox genes [225]. This suggests a possibility of cross-talk between ABA, KNOX1 genes 
and MYB transcription factor in order to regulate developmental changes. Thus the 
presence of ABRE motif in 5` flanking sequence of PtKN1 gene is consistent with these 
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results. ABRE motif was found only in pine, picea and maize KNAT1-like promoters but 
not the others. 
3.3.4.3 GARE (gibberellin responsive element; TAACAGA, TAACAAA, CAACAGA, 
TCTGTTG)  
Antagonistic relationship between GA and KNOX genes has been observed in 
previous research. KNOX genes STM and KNAT1 have been shown to down-regulate 
the expression of a GA synthesis gene GA 20-oxidase [159]. When KNOX activity 
increases GA signaling is reduced, and when knox activity decreases GA signaling is 
increased. This relationship between GA and knox gene has been observed in 
Arabidopsis and tomato [207], rice [153] and tobacco [156, 157] and is important for 
meristem function. The presence of GARE motif in 5` flanking sequence of the KNAT1-
like promoters is consistent with the relationship between GA and KNAT1-like.  
3.3.4.4 ASF1MOTIFCAMV (TGACG) 
In response to auxin, salicylic acid or light promoter of genes containing TGACG 
elements are known to activate transcription of several genes. The presence of regulatory 
element that responds to auxin suggests a relationship between auxin and knox gene 
expression. Antagonistic relationship between auxin and KNOX genes has been observed 
when auxin transport was inhibited in tomato shoot apex and it caused expression of a 
knox gene LeT6 to highly increase [152]. Overexpression of rice osh1 gene in tobacco 
causes a decrease in levels of auxin [153]. STM mutants show visible phenotypes due to 
ectopic auxin accumulation [57, 58]. Thus the presence of an auxin responsive motif in 5` 
flanking sequence of all the KNAT1-like promoters in this study indicates that a similar 
relationship between auxin and PtKN1 may exist.  
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3.3.4.4  Light responsive regulatory elements 
Various light response elements are found in the KNAT1-like promoters. I have 
included SORLIP1AT (GCCAC) (Sequence over-represented in light-induced promoters) 
[226] which is present in all KNAT1-like promoters in this study and GAG motif 
(CATCTC) [227] which is present in pine, spruce, wheat and maize KNAT1-like 
promoters but absent from Arabidopsis and cardamine KNAT1-like promoters in our 
analysis. Expression of knox gene is affected by light; KNAT1 expression in light grown 
seedlings is less compared to dark grown seedlings. This is observed for KNAT2 as well, 
though to a lesser extent  [60]. Many different types of light motifs are found in plant 
promoters. Since the GAG motif is absent from Arabidopsis and cardamine KNAT1-like 
promoters it is possible that other light motifs may be used in these promoters instead of 
the GAG motif. For example AF1 light response elements is found in Arabidopsis and 
cardamine KNAT1-like promoters [228]. 
3.3.4.5 Pyrimidine box 
The pyrimidine box acts co-operatively with the GA response element and forms 
a GARC (giberrellin-responsive complex) to give high level of GA regulated response 
[229]. In addition, pyrimidine box and GARE have also been shown to be partially 
involved in sugar repression [230] . GARE and pyrimidine box are located close to each 
other in GA-responsive promoter [231]. Multiple GARE and pyrimidine boxes are found 
in the KNAT1-like promoters in this study, and the positions of one of each of these 
regulatory motifs to the other is close suggesting those motifs are most likely to be 
involved in GA related response. 
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3.3.4.5 ARE (Cis-regulatory element essential for anaerobic expression) 
ARE was found in promoters of all KNAT1-like genes in this study, but KNAT1-
like gene has not been shown to be involved in anaerobic response. The only knox gene 
shown to be involved in anaerobic response is KNAT4; its expression was found to be 
reduced under anaerobic conditions [232]. Only one ARE was found in each promoter 
except for cardamine which has 2 AREs but are at a distance of 94 bp. Experiments with 
maize Adh1 gene which responds to anaerobic conditions have shown that 2 AREs are 
required in proximity to give anaerobic response and their orientation is also important 
[233, 234]. Therefore the presence of ARE element in KNAT1-like promoter may not be 
significant to its regulation or function. 
 Finding the same cis-regulatory elements in the KNAT1-like promoters from 
gymnosperm and angiosperm genes and from different databases gives confidence to 
believe that these cis-regulatory elements are present in the PtKN1 promoters and are 
involved in PtKN1 regulation. This study provides the base to conduct experiments in 
future to confirm the presence and regulatory roles of these cis-regulatory elements in 
PtKN1 promoter and suggests that KNAT1-like promoters are evolutionarily conserved 






I have isolated Knotted1 transcription factor from Loblolly pine (PtKN1(HD+)).  
By sequence similarity PtKN1 belongs to a family of KNAT1-like genes which are class 
I KNOX genes, identified in several plants and known to play a significant role in SAM 
development and maintenance [34, 117]. Like the members of KNOX family, 
PtKN1(HD+) has conserved regions such as the KNOX1 domain which is involved in 
suppression of its target gene [98], the KNOX2 which is involved in dimerization and has 
transactivation activities [99], the ELK domain might be involved in protein-protein 
interaction [34, 98, 99, 106] or it may act as transcriptional repressor [98], and the HD 
which is a DNA binding domain [73].  In addition I also isolated a novel form PtKN1(hd-
) that lacks important domains ELK and HD. I have shown that both forms can express 
protein. My results from RT-PCR and western blotting over different stages of pine 
embryo development show that the PtKN1(HD+) and PtKN1(hd-) mRNAs and proteins 
are developmentally regulated. The semi-quantitative PCR and Western blotting 
procedures were repeated several times using similar or different conditions and the 
similar data was obtained suggesting that the results presented are reliable. Real-time 
PCR can be performed to confirm the results of the semi-quantitative PCR and with 
added advantage of providing statistical data.  
By using a combination of PCRs and genomic walks, I have isolated several 
overlapping clones spanning almost entire length of PtKN1 gene. In addition several 
overlapping genomic sequences in intron 3 region were found from NCBI database. 5` 
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and 3` end contigs were made using the isolated and database sequences which were 
5751 and 1943 bp in length respectively (Figure A.5 in appendix A). A total of 7.7kb 
PtKN1 gene sequence was obtained of which 4.8 kb was intron 3. The intron 3 sequence 
is the largest part of knox genes; 5kb in maize (Zea mays), 5.5kb in rice (Oryza sativa) 
and over 4 kb for KNAT2 in Arabidopsis [60, 90, 193] suggesting that the intron 3 
sequence of PtKN1 gene is almost complete. A small portion of intron 3 remains to be 
cloned.  
The PtKN1 gene sequence that has been obtained suggests that PtKN1(HD+) and 
PtKN1(hd-) mRNAs have been produced by alternative processing of a single gene. Like 
the genes of KNOX family, PtKN1 gene has 5 exons and 4 introns the exon 1, intron 1 
and exon 2 regions are common for both forms. The beginning of intron 3 is the region 
that codes for the (hd-) specific mRNA sequence i.e. the 3` ORF region and the 3` UTR. 
The exon 4 and exon 5 regions code for the (HD+) specific mRNA sequence i.e. the ELK 
and HD regions and the 3`UTR. Even though the available sequence suggests that there is 
a single PtKN1 gene, the possibility that PtKN1(HD+) and PtKN1(hd-) are separate 
genes of a gene family cannot be ruled out because of the gap in intron 3 region which 
remains to be cloned. However, complete cloning of a contiguous genomic sequence 
which encodes both HD+ and hd- sequences in a single gene would not rule out the 
possibility of a second hd- gene somewhere in the very large and complex loblolly pine 
genome. But the following experimental findings lead to the same suggestion that PtKN1 
gene has a single structure in the loblolly pine genome. 
1) Twenty nine independently isolated PtKN1 cDNAs were nearly identical in 
sequence, with a minimum of zero to a maximum of eight nucleotide differences over 
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their length. Ten out of twenty nine PtKN1(HD+) sequences have G instead of C at 
position 118 (Supplementary Data Figure A.14); T instead of A at position 310 
(Supplementary Data Figure A.15) and thirteen PtKN1(HD+) sequences have T instead 
of C at position 579 downstream of the start codon (Supplementary Data Figure A.16) 
suggesting that these are alleles. Five PtKN1(hd-) cDNAs were nearly identical to one 
another and to the overlapping regions of the PtKN1(HD+) cDNAs. Nucleotide 
differences are few and random, suggesting that these may be sequencing errors. 
2) Eleven PtKN1(hd-) genomic clones covering exon 1 through the proximal end of 
intron 3 showed 99.6% identity (1 to 9 nucleotide random differences over 2090 bp). The 
exonic regions of these clones show 100% nucleotide identity with (HD+) and 100% 
nucleotide identity with (hd-) cDNAs.  
3) Restriction enzyme digestion patterns for fourteen independent genomic clones of 
the region from the 5`UTR to exon 2 were identical; similarly fourteen independent 
clones of the region covering exon 4, intron 4 and exon 5 show identical digestion 
patterns (Figure 2.6). Clones 8 and 14 in Figure 2.6B and Figure 2.6C and clone 10 in 
Figure 2.8E and 2.8F show a different pattern of cutting but they are consistent with the 
same gene structure, the insert being in opposite orientation in the vector. 
4) Sixteen independent genomic clones containing approximately 945 bp of the 
PtKN1 promoter were generated from a region within the open reading frame that is 
common to both types of transcript. The sequences were identical, containing between 
zero and eight random nucleotide differences over their length. Eight additional 
independent genomic clones which extended the region to 1670bp beyond the TSS were 
identical in sequence.  
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As described above, the identity among the cDNA and genomic sequences of 
PtKN1(HD+) and PtKN1(hd-) is very high when compared to what the identity among 
genes seen in many gene families in plants. This identity extends to the intronic regions 
which are also identical among genomic clones. Overall, these data argue for the PtKN1 
gene is present in a single copy, and that both types of transcripts are produced by this 
one gene, rather than being produce by several distinct genes whose structure reflect.  
The sequence similarity among PtKN1 clones is far greater than is observed among 
different members of gene families. For example the Adh gene family in Pinus banksiana 
has seven genes which show identity of 75.4% to 98.7% in the exonic regions. The sizes 
of their introns differ due to direct or invert repeat regions and further their 3`UTRs show 
a huge sequence divergence; too great to permit construction of any meaningful 
alignment [235]. The HSP100 gene family in Arabidopsis thaliana has seven genes 
which show identity of 21% to 70% [236]; and in rice has five genes which show identity 
of 32% to 48% [237] in exonic regions. The examples given above indicate that the 
nucleotide sequence similarities among different members of gene families are usually 
confined to the exonic regions or to particular domains. Gene regions which do not 
encode functional domains vary considerably. Strong sequence conservation is more 
usually observed at the amino acid level. Exons and regions corresponding to 
untranslated regions of the mRNA, are under much less selective pressure. When 
homologous genes are compared, greater differences in nucleotide sequence are seen in 
the comparable introns, than are seen in the comparable exon regions. In the light of these 
data, the sequence identity along the entire length of cDNA and genomic clones is most 
plausibly explained by a model where PtKN1 is a single gene which produces both 
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PtKN1(HD+) and PtKN1(hd-)  mRNA forms by alternative processing of the primary 
transcript.  
The structure of the gene indicates that the PtKN1(hd-) mRNA could be produced 
by splicing of the first two introns followed by cleavage-polyadenylation or termination  
of the primary transcript within intron 3 [196, 238, 239]. If a strong termination signal is 
present in intron 3, then the transcription machinery would never be able to go beyond 
the termination point to produce the pre-mRNA including the HD+ specific coding 
sequences and hence PtKN1(HD+) transcript would never be produced. Therefore 
presence of a strong termination signal is ruled out. Alternatively if a weak termination 
signal is present at the end of PtKN1(hd-) transcript coding region the in intron 3, then 
the hd- transcript could be produced by pause dependent termination in intron 3 [240].  
Motif search against the UTRscan database [241] (http://www.ba.itb.cnr.it/UTR/), in the 
intron 3 region did not show presence of any polyadenylation or termination signal. But 
this does not rule out the possibility of a polyadenylation or termination use to produce 
the hd- transcript since the databases of regulatory motifs may not be complete due to the 
lack of complete genome sequencing for many eukaryotic species.  
I identified the two potential transcriptional start sites in the PtKN1 gene by using 
5’-RACE to map the 5’-end of mRNAs. By using a transcript-specific primer I 
distinguished the transcriptional start sites of the HD+ and hd- transcripts and 
demonstrated that all HD+ mRNAs were transcribed for the 5’promoter, producing an 
mRNA which began 494 nt upstream of the ATG, while all the hd- mRNAs were 
transcribed from a point 61nt upstream of the ATG. Regulatory mechanism involving 
transcription factors could control the formation of HD+ and hd-. Activation of a certain 
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transcription factor or protein and their binding in the region promoter and intron 3 region 
could result in formation of hd- transcript. Binding in the -494 to -61 region would block 
the polymerase binding site for HD+ transcript. Binding in the intron 3 region would 
block the RNA polymerase machinery to move further and terminate the transcript hence 
producing the hd- form. Alternatively if the transcription factor binding sites are not 
occupied the RNA polymerase would bind the initiation site for HD+ and continue to 
transcribe till the end to produce the HD+ transcript.  
Most interestingly I report the presence of three sequences within the 5’UTR to 
which have the consensus sequence of binding sites for SM protein/snRNP proteins 
involved in RNA processing. All three motifs are present in a transcript starting 494 nt 
upstream of the AUG but the transcript starting 61 nt upstream has only one motif. The 
distribution of the motifs may have some regulatory significance for the two mRNAs. 
Subsequently I identified two motifs which are almost identical to the motifs found only 
in the 5’UTR of the 494 transcript, located only 6 nucleotides apart in intron3. The intron 
3 motifs are located only 450bp downstream of the end of the hd- mRNA. The exclusive 
association of two 5’UTR binding motifs for SM proteins with the HD+ transcript and 
the location, within exon 3, in a region close to the end of the hd- transcript, of very 
similar motifs, links the 5’UTR to the site of transcript termination. A regulatory 
mechanism could thus be envisioned whereby proteins which recognize particular 5’UTR 
motifs will also be able to recognize essentially the same motifs in intron 3 at a point 
where transcription termination or cleavage-polyadenylation occurs. Binding of these 
proteins at this point would in some fashion prevent transcription termination and the 
RNA polymerase would continue transcribing the gene and would produce a transcript 
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which would ultimately be processed to produce HD+ mRNA. This evidence for this 
mechanism is at best circumstantial; however it does, for the first time, present a 
plausible mechanism by which transcripts initiated from a particular promoter could 
identify a particular terminations site. The hypothesis is readily accessible to 
experimental verification and certainly seems worth examining. 
I have isolated a spliced form of KNAT1 in Arabidopsis which lacks ELK and 
HD. This spliced form is only expressed in Arabidopsis seeds 5 day after fertilization and 
rosette leaf tissue, but is absent in Arabidopsis seeds 10 day after fertilization and 
seedling tissue. The expression of HD spliced KNAT1 mRNA is very low compared to 
the full length KNAT1 mRNA. Our results from Western blotting show that this form 
expresses protein and consistent with the mRNA expression I also see KNAT1(hd-) 
protein expression only in rosette leaf but not in seedling tissue. I have isolated spliced 
form of KNAT1 in Arabidopsis which lacks MEINOX encoding sequence. This spliced 
form is expressed in Arabidopsis seeds 5 and 10 day after fertilization and in seedling 
tissue and the level of expression is very low compared to the expression of the full 
length KNAT1. My results from Western blotting show that this form expresses protein 
and consistent with the mRNA expression I also see KNAT1(knox-) protein expression 
only in seedling but not in rosette leaf tissue. The fact that the expression pattern of 
KNAT1(hd-) and KNAT1(knox-) is different suggests different forms of KNAT1 
regulation. By database search, I have identified spliced forms lacking HD and MEINOX 
regions in monocots such as maize and rice respectively. I have identified a splice form 
of maize gene rough sheath1 (rs1) mRNA which lacks ELK/HD encoding regions and a 
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splice form of rice OSH1 mRNA which removes some of the MEINOX encoding 
sequences for rice OSH1. 
Based on what is known about the role of conserved regions of KNOX proteins, I 
suggest that the HD or MEINOX spliced forms may act as important regulators of knox 
gene function. Any protein-protein interaction possible through the ELK domain will be 
lost and without the HD the hd- form will not be able to recognize and bind DNA or 
localize to the nucleus. This implies that the hd- protein may function cytoplasmically, 
perhaps pairing with proteins thereby preventing their import into the nucleus. 
Alternatively, hd- protein could function in the nucleus by acting as a dominant negative 
regulator of the HD+ form by competing with its NLS containing KNOX or BELL 
interacting partner. KNAT1(knox-) may not be able dimerize with other protein; but they 
may be able to bind DNA with low affinity as a monomer [201], thus blocking the sites 
for KNOX homo or hetero dimers to bind and function. 
I have isolated the promoter region of PtKN1 gene, 1730 bp upstream of the start 
codon. The TSS of PtKN1(hd-) is 61 bp upstream of the start codon. PtKN1(HD+) has 2 
different TSSs which are 343 and 494 bp upstream of the start codon. The different TSS 
in the same promoter region suggests a possibility of cell or tissue specific gene 
regulation [215, 216]. Since the TSSs for PtKN1(HD+) and PtKN1(hd-) transcripts are 
different,  it is likely that the choice of the TSS determines which form will be produced 
[216]. Interestingly, the human c-myc gene has two different promoters and transcripts 
originating from these have different termination sites [216]. I performed in silico 
analysis of the promoter sequence by employing phylogenetic foot printing. I looked for 
regions of functional conservation in orthologous KNAT1-like promoters and found cis-
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regulatory elements which could possibly regulate the expression of PtKN1 gene. I found 
several cis-regulatory elements such as hormone response elements, transcription factor 
binding site, organ specific expression motifs which have been previously shown to be 
related to KNOX1 gene regulation. This suggests that the regulatory mechanisms that 






Having completed isolation and an initial molecular characterization of PtKN1 
forms it is important to determine their functions. One approach would be to make 
transgenic Arabidopsis plants over-expressing PtKN1(HD+) and PtKN1(hd-) forms to 
determine their function. The ease of transformation and the availability of mutants make 
Arabidopsis an attractive host plant for a series of analyses. When HBK3 (Norway spruce 
Knox (HD+)) was expressed in Arabidopsis several phenotypes observed resembled 
those produced by overexpressing KNAT1, however a number of post embryonic 
phenotypes were observed such as lobed rosette leaves and dwarf phenotypes, 
characteristics that were not observed for spruce [71]. Markel et al. (2002) deleted 
different regions of the Arabidopsis KNOX protein, STM, and performed functional 
studies in transgenic plants. Overexpression of a KNOX protein with ELK and HD 
regions deleted would be similar to overexpressing a HD-lacking protein. When the 
MEINOX domains of either STM or KNAT1 were overexpressed in Arabidopsis, stm or 
knat1 loss-of-function phenotypes such as elongated internode and reduced leaf size were 
observed. These results were suggested to be due to squelching mechanism, which 
depletes the wild-type protein from its interacting partners [242]. Overexpression of a 
HD-lacking protein KNATM-B in Arabidopsis under the influence of an inducible 
promoter, causes late flowering and formation of elongated petiole and serration in leaves 
[113]. The experiments of Markel et al. (2002) and Magnani and Hake (2008) examined 
the effects of fragments of KNAT1 which in many respects resemble the hd- proteins that 
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we wish to investigate. These results indicate likely phenotypes arising from 
overexpression of hd- proteins.  
If the constitutive overexpression of PtKN1(hd-) mRNA is fatal, no transformants 
would be obtained. In that case, hd- could be put under the control of an inducible 
promoter such as nopaline synthase which is inducible by auxin [243]. The roles of the 
hd- transcript at different times of development could be investigated by inducing 
expression at different times during development and observing the range of phenotypes 
that are generated. Following induction, tissue can be collected and changes in gene 
expression observed using microarray. The PtKN1 clone could be cloned downstream of 
the cauliflower mosaic virus 35S promoter and the construct be then introduced into the 
Agrobacterium tumefaciens. The resulting Agrobacterium strain can be transformed into 
Arabidopsis by floral dip method; by dipping the Arabidopsis plant in Agrobacterium that 
are suspended in a solution containing a sugar and a surfactant [244]. Transformants can 
be selected on kanamycin and the phenotypes of plants grown can be studied. 
Transformants can be obtained at a higher rate by the dipping method than by the original 
infiltration protocol used for Agrobacterium transformation which is labor-intensive 
[245]. In an attempt to understand role of PtKN1(hd-) during embryogenesis, it can be 
overexpressed in loblolly pine embryos. Overexpressing hd- in pine embryos may 
produce embryos which look normal or are slightly misshapen or very misshapen or fail 
to complete development or germinate poorly or produce stunted plants or a range of 
other things. The large sizes of loblolly pine embryo facilitate molecular studies in pine 
which are difficult in Arabidopsis embryos [28, 246]. Transformation of mature pine 
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zygotic embryos using Agrobacterium [247] and particle bombardment [248] have been 
successfully used and reported. 
To show loss of function phenotypes of hd- form, antisense or siRNA constructs 
can be created and used against hd- mRNA. Antisense construct for PtKN1(hd-) can be 
made and placed downstream from a ubiquitin promoter. PtKN1(hd-) in sense orientation 
can be used as control. A region specific the PtKN1(hd-) can be selected and amplified in 
PCR using primers with restriction sites at the ends. The amplified products can then be 
ligated into a vector with same restriction ends and downstream from an ubiquitin 
promoter. A 21 nt region specific to PtKN1(hd-) and starting with AA should be selected 
to be the target sequence for siRNA construct. Oligonucleotides in sense and antisense 
orientation in hairpin structure can be ordered from ambion (Austin, TX). The 
hairpinRNA can be cloned into a pHELLSGATE vector, under the control of pOp6 
promoter and synthetic transcription factor LhGR. This vector system is dexamethasone-
inducible [249]. The vector construct can be transformed into pine using particle gene 
gun. The gold particles used for transformation can be coated with sense or antisense 
PtKN1(hd-) plasmid constructs. The transformants can be selected for a resistance gene 
under the control of ubiquitin promoter. Such constructs under control of ubiquitin 
promoters have been successfully transformed by particle bombardment into spruce 
embryos [250]. Once the transformants are selected, the embryonic growth and 
morphology can be examined. Antisense constructs have been made and expressed 
successfully in Norway spruce somatic embryos and morphological differences have 
been observed [71].   
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Two HD lacking KNOX isoforms have been reported in angiosperms; KNATM 
gene in Arabidopsis [113] and PTS gene in tomato [251]. Both are separate genes lacking 
HD sequences, and are not expressed from spliced mRNAs produced by a gene which 
contains HD sequences. The work described in my dissertation is the first report of 
KNAT1-like mRNA and protein lacking HD or MEINOX domains produced through 
alternative spliced products of the same gene. Future research to isolate and characterize 
such hd- and knox- forms from different plant species is important to understand its 
function and evolution. Comparison of sequences of HD lacking mRNAs and proteins, 
and the gene structures may provide information about when the form originated during 
evolution. Database search can be performed to find the sequence for hd- and knox- 
forms in other plants. Spliced forms of some species may have excise the exact same HD 
or KNOX sequence as seen for KNAT1(hd-), RS(hd-) and KNAT1(knox-) however 
variations where domains are partially removed are also possible. Spliced forms of some 
other species (gymnosperms) may have a small region of unique sequence that is not seen 
in the canonical form as in case of PtKN1(hd-) form. Because of such differences, any 
sequences obtained through database search will be of great help in actual isolation of the 
clone from that species. In case of spliced forms like KNAT1(hd-) which does not have 
any unique sequence, PCR with two gene-specific primers can be used to isolate the hd- 
cDNA. In case of spliced forms like PtKN1(hd-) which has a unique sequence at the 3` 
end, 3`RACE PCR will be a good way to isolate the hd- cDNA. Use of two gene-specific 
primers has an advantage of specificity over the use of one gene-specific primer and an 
adapter primer in RACE reaction; because of the unique region at 3` end, the former 
method is not helpful. 
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The 3` end of PtKN1(hd-) mRNA codes for 39 amino acid which are unique to 
the hd- protein. Whether or not the 39 amino acid region has any function can only be 
determined experimentally by expressing a PtKN1(hd-) protein that lacks this region. In 
order to express such protein, PtKN1(hd-) cDNA needs to be amplified in PCR in such a 
way that the C-terminal region coding for the unique 39 amino acids is not included. The 
primers for the PCR can be designed such that they have restriction sites at the ends and 
can be cloned directly in correct orientation in expression plasmid (such as pET-28 from 
Novagen, San Diego, CA). Once the plasmid is prepared it can be introduced into the 
Agrobacterium tumefaciens and transformed into Arabidopsis using same protocol as 
described earlier in this chapter. If the region including the 39 amino acids is a conserved 
and has function, phenotypes will be observed due to its overexpression. In future when 
more PtKN1(hd-)-like clones will be available from several plants; phylogenetic analysis 
by doing sequence comparison may provide some information about the conservation of 
this unique region and shed light on its function. 
I have shown in this study that both the PtKN1 forms are translated. The next 
question that arises is to determine what proteins interact with the PtKN1(HD+) and 
PtKN1(hd-) forms. In-vitro pull down assay or yeast two hybrid assays can be used to 
determine the interacting proteins. Pull-down assays have been used successfully to 
determine interaction of rice protein OSH15 with other KNOX proteins [98]. Yeast two 
hybrid assay has been used successfully to show interaction of HD+ KNOX and BELL 
proteins [93, 100-102, 104, 105, 125] and interaction of HD-lacking KNOX protein 
KNATM-B and its isoforms with BELL proteins and other KNOX proteins [113]. 
PtKN1(hd-) protein can be used as bait and BELL proteins known to interact with KNOX 
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proteins  as prey in yeast two hybrid assays; and the strength of interaction can be 
assessed using reporter gene such as lacZ. Using appropriate vector (such as pGEX from 
Amersham Biotech, Piscataway, NJ), fusion proteins between glutathione S-transferase 
(GST) and PtKN1(Hd+) or PtKN1(hd-) proteins can be generated. The GST-
PtKN1(HD+) or GST-PtKN1(hd-) will serve as bait and total protein isolated from pine 
embryos containing interaction target proteins as prey. Glutathione agarose beads can 
then be used to capture the GST-tagged PtKN1(HD+) or GST-PtKN1(hd-) fusion protein 
with their interaction partner. The advantage of pull-down assay is that the target protein 
does not need to be known, and therefore new protein partners if any for the PtKN1(hd-) 
protein can be determined. 
My RT-PCR analysis shows that both the PtKN1 forms are expressed at all stages 
of embryo development. It has been known from previous studies that knox genes are 
involved in meristem formation and maintenance of its function. The next question that 
arises therefore is whether PtKN1 shows same expression pattern. A closer look at 
expression in different tissues can be gained by dissecting embryos into different regions 
such as shoot, hypocotyl and root regions will help locate the exact regions of 
PtKN1(HD+) and PtKN1(hd-) expression. More specific tissue expression can be viewed 
by in situ hybridization using probes specific to hd- regions. Careful designing will be 
required to create HD+ and hd- specific probes. Since the 3` ORF and 3`UTR of hd- 
mRNA are unique, probe can be generated in that region and it will be hd- specific. The 
3` ORF sequence of PtKN1(HD+) mRNA is not present in PtKN1(hd-) mRNA. But the 
ELK and HD regions cover most of the 3`ORF of PtKN1(HD+) mRNA which are 
conserved in KNOX family. Therefore a probe in 3`ORF of PtKN1(HD+) mRNA may 
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bind to all KNOX mRNAs depending of the exact region of probe binding. Therefore a 
probe in the 3` UTR of PtKN1(HD+) mRNA will be a better choice. Once the regions of 
probe binding are determined for PtKN1(HD+) and PtKN1(hd-) mRNAs, using two 
gene-specific primers those regions can be amplified in PCR. The amplified products can 
be put in cloned in vector downstream of T7 or SP6 promoter in antisense orientation and 
reverse transcribed to generate the probe. Sense probe should be used as control. The 
probe can be labeled with digoxigenin or flouorescein for detection. In situ hybridizations 
have been done successfully in our lab [189] and have also been done for two HD genes 
PaHB1 and PaHB2 in Norway spruce [191]. 
Isolation of exon 3 of the PtKN1 gene has to be completed in order to gain 
thorough understanding of the mechanism responsible for alternative splicing, that 
produces either PtKN1(HD+) or PtKN1(hd-). Further experiments would determine if 
PtKN1(hd-) is produced by cleavage-polyadenylation or termination within intron 3. The 
competition between polyadenylation/termination and splicing can be shown by partially 
inhibiting splicing in which case more PtKN1(hd-) will be produced; or by partially 
inhibiting cleavage-polyadenylation and termination in which case more PtKN1(HD+) 
will be produced. Antisense oligonucleotides against intron sequences [252] or splice 
sites [253] have been successfully used to inhibit splicing. It has been shown successfully 
in tobacco that insertion of U-rich elements within the intron increases splicing and 
replacement of one U with G reduces splicing by 50%, due to formation of hairpin 
structures in intron [254]. Similar mechanisms can be used to inhibit splicing of PtKN1 
gene to increase the formation of hd- transcript. By mutating specific regions or creating 
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several deletion constructs within the promoter it could be shown if the choice of the TSS 
determines which form of PtKN1 will be produced. 
After isolating the promoter region of PtKN1 and identifying putative cis-
regulatory elements in this region the next important thing to determine is the regions of 
functional significance. The next experiment to be done would be to create several GUS 
constructs with different regions of PtKN1 promoters being deleted to determine the 
region that would play a role in regulation of the PtKN1 gene. Since the 1730bp PtKN1 
promoter sequence was obtained from two different genomic walks, primers at the ends 
of their contig sequence can be used to generate a single molecule clone in PCR. If 
restriction sites are added at the end of the primers used in PCR, the products can be 
cloned into an appropriate promoterless vector (such as pBI101 from Clontech, Palo 
Alto) upstream of a GUS cassette. The promoter-GUS constructs can be introduced into 
Agrobacterium tumefaciens and then transformed into pine embryos. PtKN1 expression 
pattern can be determined by tracking GUS staining pattern. 5` and 3` deletions can be 
constructed by PCR amplification using primers in appropriate regions. Three different 
TSSs were determined, one for PtKN1(hd-) mRNA and two for PtKN1(HD+) mRNA. 
Therefore creating 3` deletions will  be helpful in determining if any regulatory motifs 
involved in level or localization of expression are present in these regions. GUS 
constructs have been made and used successfully for PtNIP1 promoter which is expressed 
during pine embryogenesis [255]. Walking further upstream to get more sequence may be 
required to determine the elements present in the distal regions of promoter.  
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APPENDIX A 
SUPPLEMENTARY TABLE AND FIGURES FOR CHAPTER 2 
 
Table A.1: Primer used for genomic sequence cloning.  
 









    













    132 atggagcgtctgaatacagcagctgcacaagcctcgtct 
        M  E  R  L  N  T  A  A  A  Q  A  S  S  
    171 tcgctttatggagttaacatggcagaatatggagatgctggcgtc 
        S  L  Y  G  V  N  M  A  E  Y  G  D  A  G  V  
    216 agctcgatgatggggttgataacccaacatgagcctgagcaaagc 
        S  S  M  M  G  L  I  T  Q  H  E  P  E  Q  S  
    261 gaaaatattatgtccacgaggatcccaagctcgttttcatcattc 
        E  N  I  M  S  T  R  I  P  S  S  F  S  S  F  
    306 catggccatgccgattgccttctctcagcagcaatgtttcagggt 
        H  G  H  A  D  C  L  L  S  A  A  M  F  Q  G  
    351 tctcaaggagatcataagctcaatccacagcctgggatgaaccag 
        S  Q  G  D  H  K  L  N  P  Q  P  G  M  N  Q  
    396 cagctagtctctgagcagtctatcatgtcagattcgtccatgccg 
        Q  L  V  S  E  Q  S  I  M  S  D  S  S  M  P  
    441 ttggttaagacaaaagcttgctctggtcttcgtaatcagtttgaa 
        L  V  K  T  K  A  C  S  G  L  R  N  Q  F  E  
    486 tttcacagggaacaacccggaaattgctacacagatcagtcctca 
        F  H  R  E  Q  P  G  N  C  Y  T  D  Q  S  S  
    531 aatattccgctaagccccatagtcacaccgttagcctcgcaggct 
        N  I  P  L  S  P  I  V  T  P  L  A  S  Q  A  
    576 cgaggagaagcgcggatgataccgtccttggatgccaacggtgct 
        R  G  E  A  R  M  I  P  S  L  D  A  N  G  A  
    621 catttcaatgtggataacgaggagcatgcaataaaatcgaaaatc 
        H  F  N  V  D  N  E  E  H  A  I  K  S  K  I  
    666 ttagcgcacccacagtatccgagcttgttgggagcttacatcgac 
        L  A  H  P  Q  Y  P  S  L  L  G  A  Y  I  D  
    711 tgtcaaaagattggggctcctccagaagctgtggcccgtttggat 
        C  Q  K  I  G  A  P  P  E  A  V  A  R  L  D  
    756 gctctaactcgcgaacaccaagacccacaacgtcggactgtgagc 
        A  L  T  R  E  H  Q  D  P  Q  R  R  T  V  S  
    801 atcggaatggacccagaactcgatcaatttatggaggcatactgc 
        I  G  M  D  P  E  L  D  Q  F  M  E  A  Y  C  
    846 gagatattgactaagtaccatgaagagcttgccaaacctttcaaa 
        E  I  L  T  K  Y  H  E  E  L  A  K  P  F  K  
    891 gaagcaatgctgtttttgaagaagattgaaacccagttcaactcc 
        E  A  M  L  F  L  K  K  I  E  T  Q  F  N  S d 
    936 ctgggaaaaggaacgataagaatttcttctccagctgacgatgac 
        L  G  K  G  T  I  R  I  S  S  P  A  D  D  D  
    981 gaaaagacggagggaggtggatcttcggaggaagtcgagaacggc 
        E  K  T  E  G  G  G  S  S  E  E  V  E  N  G  
   1026 agtggtggtgaaacggattttcaggaagtggatcaccatgcagta 
        S  G  G  E  T  D  F  Q  E  V  D  H  H  A  V  
   1071 gaggatagggagttaaaaaatcatctccttcgcaaatacagtgga 
        E  D  R  E  L  K  N  H  L  L  R  K  Y  S  G  
   1116 tatttgagtagtctaaaacaggaattcatgaagaagaaaaagaaa 
        Y  L  S  S  L  K  Q  E  F  M  K  K  K  K  K  
   1161 ggaaagctccctaaagatgcacggcaaaagttactcgattggtgg 
        G  K  L  P  K  D  A  R  Q  K  L  L  D  W  W  
   1206 agtctgcacgacaagtggccatatccttcggagacggagaaaata 
        S  L  H  D  K  W  P  Y  P  S  E  T  E  K  I  
   1251 gctttggctgaatgcacggggttggatcaaaaacaaataaataat 
        A  L  A  E  C  T  G  L  D  Q  K  Q  I  N  N  
   1296 tggtttataaaccaaagaaaacgccactggaagccttctgaagat 
        W  F  I  N  Q  R  K  R  H  W  K  P  S  E  D  
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   1341 atgcacttcatggtaatgaacagtcacagtcctcacagtgctgcc 
        M  H  F  M  V  M  N  S  H  S  P  H  S  A  A  
   1386 ttgtatgttgagagacatatgatgactgaagggtatctttag 1427    












Figure A.1: Nucleotide and deduced amino acid sequence of PtKN1(HD+).  
The beginning of the sequence is the 5` end of PtKN1 cDNA. The deduced amino acid 
sequence is shown below the nucleotide sequence. The start and stop codons are 





    132 atggagcgtctgaatacagcagctgcacaagcctcgtct 
        M  E  R  L  N  T  A  A  A  Q  A  S  S  
    171 tcgctttatggagttaacatggcagaatatggagatgctggcgtc 
        S  L  Y  G  V  N  M  A  E  Y  G  D  A  G  V  
    216 agctcgatgatggggttgataacccaacatgagcctgagcaaagc 
        S  S  M  M  G  L  I  T  Q  H  E  P  E  Q  S  
    261 gaaaatattatgtccacgaggatcccaagctcgttttcatcattc 
        E  N  I  M  S  T  R  I  P  S  S  F  S  S  F  
    306 catggccatgccgattgccttctctcagcagcaatgtttcagggt 
        H  G  H  A  D  C  L  L  S  A  A  M  F  Q  G  
    351 tctcaaggagatcataagctcaatccacagcctgggatgaaccag 
        S  Q  G  D  H  K  L  N  P  Q  P  G  M  N  Q  
    396 cagctagtctctgagcagtctatcatgtcagattcgtccatgccg 
        Q  L  V  S  E  Q  S  I  M  S  D  S  S  M  P  
    441 ttggttaagacaaaagcttgctctggtcttcgtaatcagtttgaa 
        L  V  K  T  K  A  C  S  G  L  R  N  Q  F  E  
    486 tttcacagggaacaacccggaaattgctacacagatcagtcctca 
        F  H  R  E  Q  P  G  N  C  Y  T  D  Q  S  S  
    531 aatattccgctaagccccatagtcacatcgttagcctcgcaggct 
        N  I  P  L  S  P  I  V  T  S  L  A  S  Q  A  
    576 cgaggagaagcgcggatgataccgtccttggatgccaacagtgct 
        R  G  E  A  R  M  I  P  S  L  D  A  N  S  A  
    621 catttcaatgtggataacgaggagcatgcaataaaatcgaaaatc 
        H  F  N  V  D  N  E  E  H  A  I  K  S  K  I  
    666 ttagcgcacccacagtatccgagcttgttgggagcttacatcgac 
        L  A  H  P  Q  Y  P  S  L  L  G  A  Y  I  D  
    711 tgtcaaaagattggggctcctccagaagctgtggcccgtttggat 
        C  Q  K  I  G  A  P  P  E  A  V  A  R  L  D  
    756 gctctaactcgcgaacaccaagacccacaacgtcggactgtgagc 
        A  L  T  R  E  H  Q  D  P  Q  R  R  T  V  S  
    801 atcggaatggacccagaactcgatcaatttatggaggcatactgc 
        I  G  M  D  P  E  L  D  Q  F  M  E  A  Y  C  
    846 gagatattgactaagtaccatgaagagcttgccaaacctttcaaa 
        E  I  L  T  K  Y  H  E  E  L  A  K  P  F  K  
    891 gaagcaatgctgtttttgaagaagattgaaacccagttcaactcc 
        E  A  M  L  F  L  K  K  I  E  T  Q  F  N  S  
    936 ctgggaaaaggaacgataagaatttcttctccaggtaatactcgc 
        L  G  K  G  T  I  R  I  S  S  P  G  N  T  R  
    981 ttgcttcataaacattttttacttcttttttctcctattgctcca 
        L  L  H  K  H  F  L  L  L  F  S  P  I  A  P  
   1026 attaattctgcttcatatcaactccactatgtaaattcacgttat 
        I  N  S  A  S  Y  Q  L  H  Y  V  N  S  R  Y  
   1071 tcgggagataaaacttga 1088    















Figure A.2: Nucleotide and deduced amino acid sequence of PtKN1(hd-).  
The beginning of the sequence is the 5` end of PtKN1 cDNA. The deduced amino acid 
sequence is shown below the nucleotide sequence. The start and stop are highlighted in 




Figure A.3: Alignment of the nucleotide sequences of PtKN1(HD+) and PtKN1(hd-). 
In the region that is common to both mRNA forms, there is overall amino acid identity of 





















Figure A.4: Peptide sequence used for making antibody for PtKN1(HD+) and 
PtKN1(hd-) proteins. 
Region in green is KNOX1 domain, in yellow is KNOX2, in blue is ELK domain and in 
red is HD. The sequence highlighted in orange in both forms is the peptide sequence 







KF KI5R11 - 5 clones
KF 4R22 - 6 clones
KEF3 KR8 - 1 clone
KI3U2 3 - 6 clones
KSF2 4 - 1 clone
K3U2 6 - 4 clone
P5R29 - 1 clone
K3U2 7 - 7 clone
K3U2 5 - 5 clone
3`Contig : 18 genomic 
clones (1943 bp)
419 277









5`Contig : 18 genomic clones + 15 
genomic NCBI clones (5751 bp)
Total genomic sequence -7702 bp
Length of intron 3 - 4801 bp
 
 
1 = KG1, KG2, KG24, KG25 
2 = KG3, KG5, KG6, KG7, KG9, KG10 
3 = K415, K416, K417, K421, K424, K428 
NCBI genomic clones used are gi|162314188|gb|ET183639.1|ET183639, 
gi|162314423|gb|ET183775.1|ET183775, gi|75689884|gb|CZ895398.1|CZ895398, 
gi|162313798|gb|ET184558.1|ET184558, gi|162313648|gb|ET182707.1|ET182707, 





5` Contig = Genomic clones in 1 + 2 + 3 + following NCBI genomic clones 
 
5 = G11, G13, G14, G15, G16 
6 = G22, G23, G25, G26 
7 = G31, G32, G33, G34, G35, G36, G37 
8 = KG3 
9 = KGW 
3` Contig = Genomic clones in 5 + 6 + 7 + 8 + 9 
 
Figure A.5: Genomic sequence map. 
Using either 2 gene specific primers in PCR or 1 gene specific primer and adapter primer 
in genomic walk, I isolated several overlapping clones different regions of PtKN1 gene. 
Several genomic clone sequences from NCBI database overlapping some regions were 
found and contigs were made; a total of 7.7kb sequence of the PtKN1(HD+/hd-) gene 
was obtained. KNOX1;  yellow - KNOX2;  blue - ELK; red – HD; turquois – 5` UTR; 




Figure A.6: Alignment of the nucleotide sequences of Arabidopsis KNAT1(hd-) and 




Figure A.7: Alignment of the nucleotide sequences of Arabidopsis KNAT1(hd-), 
KNAT1 full length mRNA and KNAT1 gene. (page 1)
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Figure A.7: Alignment of the nucleotide sequences of Arabidopsis KNAT1(hd-), 
KNAT1 full length mRNA and KNAT1 gene. (page 2) 
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Figure A.7: Alignment of the nucleotide sequences of Arabidopsis KNAT1(hd-), 




Figure A.8: Alignment of the amino acid sequences of maize RS1 (NP_001105331.1) 
and deduced amino acid sequence of HD splice form mRNA (DY236300.1).  






Figure A.9: Alignment of the nucleotide sequences of maize RS1(hd-) (DY23600.1) 

























Figure A.10: Alignment of the amino acid sequences deduced from KNAT1(knox-) 
and Arabidopsis KNAT1 (NM_116884).   
Conserved domains are indicated as follows: green - KNOX1; yellow - KNOX2; blue - 





Figure A.11: Alignment of the nucleotide sequences of Arabidopsis KNAT1(knox-) 





Figure A.12: Alignment of the nucleotide sequences of rice OSH(knox-) 






Figure A.13 Amino acid alignment of KNAT1 with KNAT2 and KNAT6 in the 
region of epitope binding. 
Like KNAT1, KNAT2 and KNAT6 belong to class I KNOX family of TALE HD 
proteins. KNAT1 shows an overall identity and similarity of 44% and 66% respectively 
with KNAT2 and 35% and 58% respectively with KNAT6 . At the N terminal end of this 
region KNAT1 shows an identity and similarity of 71% and 100% respectively with 
KNAT2 and 80% and 100% respectively with KNAT6; and at the C terminal end of this 
region KNAT1 shows an identity and similarity of 88% and 100% respectively with both 
KNAT2 and KNATA6. The antibody (sc-19215) raised against 20 aa in this region of 
KNAT1 detected additional band at about 35kD in the Western blotting, which 





Figure A.14 Alignment of the nucleotide sequences of PtKN1 cDNAs showing alleles.  
10 out of 29 PtKN1(HD+) sequences have G instead of C at position 118 downstream of 




Figure A.15 Alignment of the nucleotide sequences of PtKN1 cDNAs showing alleles.  





Figure A.16 Alignment of the nucleotide sequences of PtKN1 cDNAs showing alleles. 


























































































































































RNA isolation by TRI reagent 
(TR-118, Molecular Research Center, Inc.) 
Embryos from different stages of pine embryo development, early stages 1-4, middle 
stages 5-8, and late stages 9.2-9.3, 9.4-9.5, 9.6-9.7 and 9.8-9.9 were pooled separately 
and RNA was isolated using TRI-reagent protocol.  
1) Powder the tissue and add 1000 TRI Reagent (TR-118, Molecular Research 
Center, Inc.). 
2) Store at room temperature for 5 minutes.  
3) Add 100 µl BCP (1-bromo-3-chloropropane, ACROS) and vigorously shake for 
15 seconds. 
4) Store at room temperature for 15 minutes. 
5) Centrifuge for 15 minutes at 14,000 rpm at 4°C in the Beckman F2402 rotor.  
6) Collected the aqueous phase for RNA isolation into a DEPC treated 1.5 ml tube.  
7) Add 250 µl of isopropanol and 250 µl high salt precipitation buffer (0.8 M 
sodium citrate and 1.2 M NaCl). 
8) Mix by inverting and store for 5-10 minutes at room temperature. 
9) Centrifuge for 10 minutes at 14000 rpm at 4°C.  
10) Wash the pellet with 1.0 ml 75% ethanol. 
11) Centrifuge for 5 minutes and air-dry in the fume hood about 5 minutes. 
12) Resuspend the pellet in 30ul RNAse/DNAse-free water and incubated for 10 
minutes at 55oC. 
 
SMART RACE 
(Rapid Amplification of cDNA Ends - Clontech, MountainView, CA) 
 
Once RNA was isolated from different stages of pine embryos, RACE ready cDNA was 
prepared using SMART RACE amplification kit. 
1) 500ng of RNA was used for each pooled stages. 
2) For 3` RACE ready cDNA, add 1ul of 3` CDS primer to 1-3ul of RNA sample 
and make up the volume upto 5ul with water. 
3) For 5` RACE ready cDNA, add 1ul of 5` CDS primer and 1ul of SMART II A 
oligo to 1-3ul of RNA sample and make up the volume upto 5ul with water. 
4) Spin briefly in a microcentrifuge to collect the volume at the bottom of the tube. 
5) Incubate the tubes at 70°C for 2 minutes and then cool them on ice for 2 minutes. 
6) Add 2ul of 5X first-strand buffer, 1ul of DTT, 1ul of dNTP and 1ul of powerscript 
reverse transcriptase. 
7) Spin briefly in a microcentrifuge to collect the volume at the bottom of the tube. 
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8) Incubate the tubes at 42°C for 1.5 hours. 
9) Add 100ul of Tricine-EDTA buffer and heat the tubes at 72°C for 7 minutes. 
10) Store the samples in -20°C. 
 
DNA and gel purification 
Once the PCR products are run on gel to confirm the size of the band of interest, either 
the band is cut out of the gel or remaining PCR products are purified using either of the 
following kit for cloning. 
 
(QIAquick kit from Qiagen - Valencia, CA) 
1) Add 3 volumes of the buffer QG to 1 volume of gel and incubate at 50oC for 10 
minutes or until gel melts or add 5 volumes of buffer PBI to 1 volume of the PCR 
product. 
2) Transfer the mix to QIAquick column and centrifuge at 14000 rpm for 1 minute. 
3) Discard the flow-through collected in the collection tube. 
4) Add 750ul of buffer PE and centrifuge at 14000 rpm for 1 minute. 
5) Discard the flow-through and centrifuge at 14000 rpm for 1 minute to remove 
residual ethanol. 
6) Transfer the column to clean 1.5ml microcentrifuge tube. 
7) Add 30ul of buffer EB and let the column stand for 1 minute. 
8) Centrifuge at 14000 rpm for 1 minute and the volume collected is the purified 
DNA. 
 
(Wizard SV gel and PCR clean up kit from Promega - Madison, WI) 
1) Add 1 volume of the DNA binding solution to 1 volume of PCR product or to 1 
volume of gel and incubate the gel containing mix at 50oC for 10 minutes or until 
gel melts. 
2) Transfer the mix to SVmini column and centrifuge at 14000 rpm for 1 minute. 
3) Discard the flow-through collected in the collection tube. 
4) Add 700ul of column wash buffer and centrifuge at 14000 rpm for 1 minute. 
5) Discard the flow-through.  
6) Add 500ul of column wash buffer and centrifuge at 14000 rpm for 5 minutes. 
7) Discard the flow-through and centrifuge at 1400 rpm for an additional minute to 
remove residual ethanol. 
8) Transfer the column to clean 1.5ml microcentrifuge tube. 
9) Add 30ul of nuclease free water and let the column stand for 1 minute. 







(pGEM-T or p-GEM T Easy vector system from Promega - Madison, WI) 
Ligation 
1) Once the DNA is purified it is cloned into pGEM-T Easy vector. 
2) Add the following into a 0.5ml microcentrifuge tube - 5ul Rapid Ligation Buffer 
+ 1ul of pGEM-T or T Easy vector + 3ul of purified DNA product + 1ul of T4 
DNA Ligase. 
3) Incubate overnight at 4 oC. 
 
Transformation 
1) Take 2ul of ligation mix into a 1.5ml microcentrifuge tube and add 30ul of JM109 
competent cells to it. 
2) Incubate on ice for 20 minutes. 
3) Heat-shock the cells at 42 oC for 45 seconds. 
4) Immediately put them back on ice and incubate for 2 minutes. 
5) Add 950ul of SOC medium to the tube and incubate at 37 oC for 1.5 hour while 
shaking. 
6) Centrifuge at 2000 rpm of 10 minutes. 
7) Discard the supernatant and add 200 ul of SOC to the pellet. 
8) Spread 100ul of cells on 2 LB Agar plates containing Ampicillin, IPTG and X-
Gal each at a final concentration of 100µg/ml. 
9) Incubate the plates overnight at 37oC. The white colonies that appear are the ones 
with insert and blue colonies are empty vector. 
 
Colony PCR 
(GoTaq Green Master Mix from Promega - Madison, WI) 
1) Prepare master mix of 50 ul as follows – 25ul of the green mastermix + 23ul of 
H2O + 1ul T7 primer + 1ul SP6 primer. 
2) Aliquot 10ul of the mix into PCR tubes for each colony to be checked. 
3) Touch a white colony with sterilized toothpick then touch onto a LB-Agar plate 
and then dip it into the PCR mix. 
4) Repeat the same for as many colonies to be checked. 
5) Run the PCR in Eppendorf thermocycler and run on gel when ready. Grow the 
colonies overnight at 37 oC. 
 
Plasmid preparation and purification 
(Wizard SV minprep kit from Promega - Madison, WI) 
Prepare bacterial culture 
1) Take 2ml of Terrific Broth into a 15ml falcon tube and inoculate colony of 
interest in sterile conditions. 
2) Incubate at 37oC for 16 hours. 
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3) Transfer 500ul of the culture into a 1.5ml microcentrifuge tube and add 500ul of 
LB-Glycerol and flash freeze in liquid nitrogen. Store the glycerol stock at -80 oC. 
4) Use the remaining culture to purify plasmid. 
 
Plasmid purification 
1) Centrifuge the culture at 2000 rpm for 5 minutes. 
2) Discard the supernatant and add 250ul of resuspension solution.  
3) Vortex carefully and transfer into a 1.5ml microcentrifuge tube. 
4) Add 250ul of cell lysis buffer. Mix by inverting 4 times and incubate at room 
temperature for 1-5 minutes. 
5) Add 10ul of alkaline protease solution. Mix by inverting 4 times and incubate at 
room temperature for 5 minutes. 
6) Add 350ul of neutralization buffer. Mix by inverting 4 times and centrifuge at 
14000 rpm for 10 minutes. 
7) Transfer the supernatant into a SVmini column placed over a collection tube. 
8) Centrifuge at 14000 rpm for 1 minute. 
9) Discard the flow-through. Add 750ul of column wash buffer and centrifuge at 
14000 rpm for 1 minute. 
10) Discard the flow-through. Add 250ul of column wash buffer and centrifuge at 
14000 rpm for 1 minute. 
11) Discard the flow-through and centrifuge at 14000 rpm for an additional minute to 
remove residual ethanol. 
12) Transfer the column to a fresh 1.5ml microcentrifuge tube and add 30ul of 
nuclease free water to the column.  
13) Let the column sit for 5 minutes at room temperature and then centrifuge at 14000 
rpm for 1 minute.  
14) The volume collected is purified plasmid. Measure absorbance at 260/280nm. 
 
Protein isolation by TRI reagent 
(TR-118, Molecular Research Center, Inc.) 
Embryos from different stages of pine embryo development, early stages 1-4, middle 
stages 5-8, and late stages 9.2-9.3, 9.4-9.5, 9.6-9.7 and 9.8-9.9 were pooled separately 
and protein was isolated using TRI-reagent protocol.  
1) Tissue was powdered followed by addition of 1000 µl TRI Reagent (TR-118, 
Molecular Research Center, Inc.) then stored for 5 minutes at room temperature.  
2) 100 µl BCP (1-bromo-3-chloropropane, ACROS) was added and vigorously 
shaked for 15 seconds then stored at room temperature for 15 minutes followed 
by centrifugation for 15 minutes at 14,000 rpm at 4° C in the Beckman F2402 
rotor. 
3) Collect the organic phase (phenol-ethanol) at the bottom collected into a 
microfuge tube. 
4) Add 3 volumes of acetone to precipitate proteins. 
Mix by inversion for 10-15 seconds to obtain a homogeneous solution. 
5) Store the samples at room temperature for 10 minutes. 
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6) Centrifuge at 12,000 g for 10 minutes at 4 C to precipitate the protein. 
7) Decant the supernatant and add 0.5 ml of 0.3 M guanidine hydrochloride in 95% 
ethanol + 2.5 % glycerol (V:V) to the pellet. 
8) Disperse the pellet using a pipet tip and by vortexing. 
9) Add another 0.5 ml of the guanidine hydrochloride/ethanol/glycerol wash solution 
to the sample and store at room temperature for 10 min. 
10) Centrifuge the protein at 8,000 g for 5 min and decant the wash solution. 
11) Repeat the wash two more times in 1 ml each of the guanidine/ethanol/glycerol 
wash solution. 
12) Disperse the pellet by vortexing after each wash to efficiently remove residual 
phenol. 
13) Wash in 1 ml of ethanol containing 2.5 % glycerol (V:V). 
14) Store at room temperature for 10 min. 
15) Centrifuge the protein at 8,000 g for 5 minutes. 
16) Decant the supernatant and air-dry the pellet for 7-10 min at room temperature. 
17) Add 200-1000ul sample buffer sample buffer containing 10% glycerol, 2% SDS, 
5% b-mercaptoethanol depending on the pellet size. 
18) Solubilize the pellet by flicking the tube or pipetting. 
19) Store the protein sample at -20°C 
 
Protein Concentration Assay 
Biorad Protein Assay buffer was used to measure protein concentrations. 
1) Dilute the dye reagent to 1X concentration.  
2) Prepare BSA (Bovine Serum Albumin) standards (0.25, 0.5, 1.0, 1.5, 2.0 mg/ml) 
and protein samples for reading - 20ul of each in 1ml of the diluted dye reagent. 
Use water for blank. 
3) Incubate for 5 minutes at room temperature and measure absorbance (triplicate) 




1) Use 4-20% precast protein gel from Biorad separate proteins by electrophoresis. 
2) Load 15ug of protein samples to the well and load the marker 
3) Run at 100-120 V for 1hour or more until the dye marker reached the bottom. 
 
Protein Transfer 
Mini Trans-Blot system from bio-rad was used for protein transfer. 
1) Presoad 2 filter pads, 6 filter papers and a nitrocellulose membrane (slightly larger 
in size than the gel) in transfer buffer for 15-20 minutes. 
2) Presoak the gel in transfer buffer for 15-20 minutes. 
3) Assemble sandwich in order as indicated below on one side of the transfer 
cassette. Roll a test tube over after putting the filter papers, membrane and gel to 
remove the bubbles. 
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a. Filter pad 
b. Whatman filter paper 
c. Nitrocellulose paper 
d. SDS-PAGE gel 
e. Whatman filter paper 
f. Filter pad 
4) Close the transfer cassette, place it in the electrode module and put the module in 
the buffer tank filled with pre-chilled transfer buffer. 
5) Place the frozen bio-ice cooling unit next to the module. Add a stir bar to keep 
buffer temperature even. 
6) Put the lid on the tank and hook up the leads (negative to negative and positive to 
positive) with the membrane being on positive side and gel on negative. 
7) Set the transfer at 20 V for overnight at 4oC. 
 
Blotting 
1) Block the membrane in blocking solution (5% non-fat dry milk in TBS-T) for 1 
hour. 
2) Rinse twice and wash 1 X 15 minutes and 2X 5 minutes in TBS-T. 
3) Prepare 1o antibody solution – 1: 500.  
4) Incubate the membrane in 1o antibody solution for 1 hour or more. 
5) Rinse twice and wash 1 X 15 minutes and 2X 5 minutes in TBS-T. 
6) Prepare 2o antibody solution (1:3000 – Goat Anti-rabbit antibody).  
7) Incubate the membrane in 2o antibody solution for 1 hour. 
8) Rinse twice and wash 1 X 15 minutes and 2X 5 minutes in TBS-T. 




(Immun-Star Goat Anti-Rabbit (GAR)-AP Chemiluminescent Detection Kit) 
 
Prepare detection solution – 3ml immune-star chemiluminescent substrate + 150ul  
immune-star enhancer. 
Incubate the membrane in the detection solution in a hybridization bag for 5 minutes at 
37oC. 
View the membrane in luminescent image analyzer and take a picture  
Image analyzer used - Fujifilm luminescent image analyzer LAS-1000 plus system 
 
Color Substrate detection 
(Immun-Blot Goat Anti-Rabbit (GAR)-AP Detection Kit) 
 
Prepare detection solution – 10 ml 1X AP color development buffer + 100ul color reagent 
A which is BCIP (5-bromo-4-chloro-3-indolyl phosphate) + 100ul color reagent B which 
is NBT (nitroblue tetrazolium). 




Preparing genomic libraries for genomic walk 
(Universal Genome Walker Kit - Clontech, MountainView, CA) 
Check quality of Genomic DNA  
1) Check the size of genomic DNA on a 0.6% agarose gel with EtBr. DNA should 
run as large bands above 50kb. 
2) Check the purity of genomic DNA by Dra I digestion.  
3) Add 5 µl genomic DNA, 1.6 µl Dra I (10 units/µl), 2 µl 10X Dra I Restriction 
buffer and 11.4 µl deionized H2O to a tube and mix gently. Spin briefly to collect 
the volume at bottom of the tube. 
4) Also set up a control digestion without enzyme.  
5) Incubate at 37°C overnight.  
6) Run 5 µl of each reaction on a 0.6% agarose gel with EtBr. Smear indicates that 
DNA can be digested by restriction enzymes.  
 
Digestion of Genomic DNA 
1) For each library construction, set up a total of five reac¬tions. Set up four blunt-
end digestions for each restriction enzyme provided (EcoRI, DraI, PvuII, StuI). 
Use human genomic DNA from kit as a positive control.  
2) Add 25 µl genomic DNA (0.1 µg/µl), 8 µl restriction enzyme (10 units/µl), 10 µl 
enzyme buffer (10X), 57 µl deionized H2O to separate tubes for each reaction and 
mix gently.  
3) Incubate at 37°C for 2 hours. 
4) Vortex the reaction mix at slow speed for 5–10 seconds and put them back to 
37°C overnight (16–18 hr).  
5) Run 5 µl from each sample on a 0.6% agarose/EtBr gel to determine if digestion 
is complete. 
 
Purification of DNA 
1) Gel and PCR purification kit from promega was used for DNA purification. 
2) To each reaction tube, add an equal volume DNA binding solution from the kit.  
3) Transfer the volume into the column provided in the kit. 
4) Centrifuge at room temperature for 1 minute at 14000 g. 
5) Discard the flow through collected in the collecting tube.  
6) Add 700ul of column wash solution to the column and centrifuge for 1 minute at 
14000 g. 
7) Discard the flow through and add 200ul of wash solution. 
8) Centrifuge for 5 minutes at 14000 g. 
9) Discard the flow through and repeat the centrifugation step for additional minute 
at 14000 g to remove residual ethanol. 
10) Transfer the column on to a fresh 1.5ml tube and add nuclease-free water on top 
of the column.  
11) Incubate at room temperature for 5 minutes and centrifuge at 14000 g for 1 
minute. 
12) The volume collected in the tube is purified DNA. 
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Ligation of Genomic DNA to GenomeWalker Adaptors  
1) Set up five ligation reactions for genomic DNA with 4 restriction enzymes and 1 
human genomic DNA control.  
2) Transfer 4 µl of digested product from each tube to a fresh 0.5-ml tube.  
3) Add 1.9 µl GenomeWalker Adaptor (25 µM), 1.6 µl 10X Ligation Buffer, 0.5 µl 
T4 DNA Ligase (6 units/µl) to each tube.  
4) Incubate at 16°C overnight. 
5) Stop the reaction by incubating at 70°C for 5 min.  
6) Add 72 µl of TE (10/1, pH 7.5). Vortex at slow speed for 10–15 sec. 
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